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This work aimed to evaluate the importance of precursor ion heterogeneity (PIH) on the 
electron capture dissociation (ECD) of polypeptide ions. In this study, the 2+ to 4+ 
charge states of a series of model peptides with the general structure of 
AC-XAAAXAAAXAAAX-NH2 (abbr. as XXXX) were analyzed under ECD conditions, 
where X represents a basic amino acid residue. A total of 13 polypeptides with different 
combination of lysine and arginine residues were used. In low charge state, losses of 
side-chains and acetylated N-terminal from the charge-reduced precursor ion were the 
predominant dissociation channels for arginine-rich peptides; whereas hydrogen atom 
losses from the charge-reduced precursor ion were more popular in lysine-r.ich peptides. 
Increasing charge state of precursor ions enhanced the generation of c/z'-ions in 
arginine-rich peptides and b/y- ions in lysine-rich peptides. 
Based on the ECD spectra obtained, a preferential dissociation index (PDI) was 
established to describe the selectivity of backbone cleavage. To explain the selectivity 
behavior under different charge states, theoretical precursor ion heterogeneity (PIH) 
was computed using a simple model comprising two terms, i.e. charge distribution 
heterogeneity (CDH) and neutralization site heterogeneity (NSH). Reasonably good 
correlations between PIH and PDI could be established for peptides containing only 
one type of basic amino acid residues, i.e. RRRR & KKKK. As expected, PDI was found 
to decrease with increasing PIH. Our findings suggested that extensive backbone 
cleavages in ECD of peptide ions could be explained on the basis of proton 
neutralization without invoking the random-walk of liberated hydrogen atom. For 
peptides with more than one type of basic amino acid residues, PIH was a matrix of • 
numbers affected by the possibility of lysine residue(s) being protonated and the 
protonated arginine residue(s) being neutralized. Although positive correlations 
between PDI and PIH could be obtained in many cases by suitably selecting the 
coefficient of protonation for lysine residue(s) and coefficient of neutralization for 
protonated arginine residue (s), no unified model could be put forward to explain the 
present findings. Anyway, for peptides containing two nearby lysine residues, our 
experimental results indicated the enhancement of protonation for the lysine residue(s). 
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CHAPTER 1 INTRODUCTION 
1.1 Mass spectrometry in proteomics 
The term proteome was first coined to describe the set of proteins encoded by the 
genome' and the proteomics is the study of the proteome. After genomics, proteomics is 
considered the next step in the study of biological systems. The goal for proteomics is a 
comprehensive, quantitative description of protein expression and its changes under the 
influence of biological p e r t u r b a t i o n s ” One main challenge in the proteomics is the 
complexity. Compared with only four static nucleic acid bases found in genes，proteins 
are made of approximately 20 modifiable amino acid residues, and proteins can be post 
translational modified, such as phosphorylation, ubiquitination， glycosylation, 
methylation, oxidation, nitrosylation and acetylation'^ "^ All cells in an organism have the 
identical genome but different proteomes in most situations.^ Furthermore, the proteome 
must be dynamic rather than static as in genome^ Proteome should relocate within the 
cell, adjust the stability and change the binding target as the response to the altered 
environment conditions. Genes have only one principal function, to conserve and 
provide information.^ "^ ® Proteins, on the other hand, have myriad functions. They can 
catalyze reactions as oxidoreductases catalyze a variety of oxidation-reduction 
reactions� as well as transmit signals as G-protein-coupled receptors^' induce a cellular 
response to the environment. The complexity inherent in proteomics demands a reliable 
and fast method for protein sequencing (the primary structure characterization), which is 
the basis for the structural characterization and function determination. 
The Edman degradation'^ is a very important reaction for polypeptide sequencing. 
It allows the ordered amino acid composition of a polypeptide to be discovered. 
Because of the simple principle and fully automated procedure^^ (automated Edman 
sequencer), it has been widely used as a directly analyzing method. However, Edman 
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degradation is a tedious and time-consuming process. Mass spectrometry has become an 
irreplaceable tool for polypeptide sequence analysis.^ "^ '^ ^ The ultrahigh sensitivity of 
mass spectrometry provides a possibility of detecting the target polypeptide at trace 
quantity. Combining with separation techniques, such as high-performance liquid 
chromatography (HPLC)^^ and capillary electrophoresis (CE)”，is an enhancement to 
the mass resolving and mass determining capabilities. The speed, in the range of 
minutes, for the analysis and interpretation allows high-throughput measurements. 
Sensitivity, resolution, mass accuracy and the ability to generate information-rich 
ion mass spectra for interpretation are key parameters of mass spectrometry in 
proteomics . i8 Currently, there are four basic types of mass analyzer applied in 
proteomics: the quadrupole, time-of-flight (TOF)，ion trap and Fourier transform mass 
spectrometry (FT-MS). The principle and the operation condition of the analyzer 
directly determine the mass resolving power，mass accuracy and mass range. However, 
no matter which analyzer is applied, the protein sequencing is limited if merely relied 
on the mass-to-charge ratio of the target polypeptide. With rapid progress in mass 
spectrometry technology development, the tandem mass spectrometry has been 
introduced, widely accepted and used for providing an unambiguous characterization of 
polypeptides. By adopting tandem mass spectrometry, the fragment ions which could 
originate from different methods can be pieced together to generate structural 
information of the target ion. 
1.2 Fourier-transform ion cyclotron resonance mass spectrometry 
1.2.1 Introduction 
The ion cyclotron resonance mass spectrometry (ICR-MS) was first demonstrated 
for measurement of very small mass differences at very high precision in It 




and Comisarow in 1974.22-25 Among different commercially available mass 
spectrometers, Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR 
MS) is the one holding the greatest potential in the region of the forefront-research. The 
inherently ultra-high resolution and accuracy allow unequivocal assignments of 
chemical formulae to be made and further structural elucidation be conducted through 
the utilization of tandem mass spectrometry.^ ^ A typical FT-MS consists of the following 
parts, ion source, ion transfer and ion trap. The core of a FT-MS instrument is trapped 
ion cell in a uniform magnetic field. 
1.2.2 Ionization 
In FT-ICR MS, mass analysis begins with the ionization of the species of interest. 
There are many methods for ionization and each has its own advantages. 
Matrix-assisted laser desorption ionization】？ (MALDI) and electrospray ionization^^ 
(ESI) are increasingly recognized as two soft ionization techniques with great potential 
for the study of biological molecules. The development of external ion sources provides 
a way to couple MALDI and ESI to FT-ICR mass spectrometer. 
Some macrobiomolecules can be difficult to ionize and the preparation of the 
sample especially the purification might be tedious. MALDI is a convenient ionization 
method in protein analysis for its high salt tolerance and the matrix assistance for 
ionization. It provides a relative simple spectrum for interpretation because the 
predominantly single charged ions produced. MALDI coupled to FT-ICR MS provides 
the means to measure protein digests very rapidly by peptide mass fingerprinting.^ ®'^  ^  
ESI is the other ionization technique frequently coupled with FT-ICR mass 
spectrometer along with its derivatives, nanoESI and desorption electrospray ionization 
(DESI). A distinct feature of ESI is to analyze the sample in the solvent directly, which 
can be near-physiological environment, without any matrix involvement and tedious 
sample workup. Adopting ESI in FT-ICR mass spectrometer can achieve online 
3 
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separation by coupling with HPLC and CE. Moreover, ESI always leads to the 
formation of multiply charged ions, particularly in the case of large bimolecular. The 
charge state distribution of the target proteins can be further used to investigate the 
confonnation.32_33 
1.2.3 Ions in ICR 
The cell is the core part of the FT-MS instrument, where ions are stored and 
detected. Several analyzer cell designs have been developed and used. Figure 1.1 shows 
a schematic representation of a cylindrical FT-ICR analyzer cell. The Infinity™ Cell 
used in FT-ICR mass spectrometer manufactured by Bruker Daltonics is a typical 
cylindrical cell.34 cell is located within a strong magnetic field. The charged 
(positive or negative) particles in the cell will experience a series of activities including 
ion trapping, ion isolation, ion excitation and detection. All these activities are governed 
by the magnetic and electric fields. 
The sum of the force originated from the magnetic and electric fields on the 
charged particles can be stated concisely in equation 1.1， 
F = qE + q(v®B) (1.1) 
in which q and v are ionic charge and velocity, E and B are the electric field and 
magnetic field. The magnetic field is uniform, unidirectional and homogeneous and the 
value of 5 is a constant. The electric field principally controlled by the voltages applied 
to the electrodes of the analyzer cell. Meanwhile, the electric field is influenced by the 
ions existed. That's the reason why space charge can perturb the desired behavior of the 
ions and affect the performance of the instrument at high ion densities. Under the 
influence of both magnetic and electric fields, ions in the cell will orbit a complex 
trajectory. Typically, the motion of the ions can be interpreted in three separated 










































































































































































Figure 1. 1 
Schem
atic representation o







 (z axis), the excitation plates (y axis) and 
the trapping electrodes (x axis) have been labeled. 
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1 
magnetron motion.^ '^^ ^ 
i 
The basis for FT-MS is ion cyclotron motion which originated from the 
i 
i 
unidirectional magnetic field. The ion experiences a force which is perpendicular to 
both the direction of its velocity and the magnetic field. This force is the Lorentz Force. 
It forces an ion to travel in a circular orbit. The cyclotron motion is periodic and 
characterized by its cyclotron frequency as given in equation 1.2. In this equation, the 
cyclotron frequency (fc) is determined by three physical parameters, the strength of the 
magnetic field (5), the charge on the ion {q) and the mass of the ion (m). In FT-MS, the 
magnetic field is held constant and the mass-to-charge ratio of an ion is determined by 
measuring its cyclotron frequency. 
f c = f ~ (1.2) 
LTim 
An ion's angular frequency {(Oc) is directly proportional to the strength of the magnetic 
field and inversely proportional to the mass-to-charge ration of the ions as listed in 
equation 1.3. 
V B " 
C 0 c = - = — 7 - ( 1 . 3 ) 
r ml q 
Proper voltages (positive for trapping positive particles) are applied to the two 
trapping plates, which are located at two ends of trapped ion cell, to store the ions. Ions 
undergo simple harmonic oscillation along z-axis between the trapping plates as the 
same direction of the magnetic field axis. The trapping frequency (cOz) of an ion, which 
is correlated to the mass-to charge ratio and the trapping voltage (Vr) applied, is given 
by equation 1.4, 
( 1 . 4 ) 
V ma 
in which a is the dimension of the analyzer cell and a is a constant depending on the 
geometry of the trapping cell. 
A third fundamental ion motion is the magnetron motion. It is generated from the 
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perturbation of ion cyclotron motion by the electric field which is generated from the 
trapping electrodes.^ "^"*^  The magnetron motion will affect the ion motion. Based on the 
equation 1.1, the reduced cyclotron frequency (or "observed cyclotron frequency", cOobs) 
and the magnetron frequency (cOm) can be expressed in equation 1.5 and 1.6 
respectively. 
2~ 
COc \2 份， /I ff� 
历 , " =历 ^ ^ (1.6) 
“ 2 r 2 ^ 2 
The observed orbital frequency is determined by the cyclotron frequency and the 
magnetron frequency as given in equation 1.7. 
� obs=� c - � m (1.7) 
The order of magnitude of magnetron frequencies is 1-100 Hz. It is much lower than 
cyclotron frequency, which falls in the range 5 kHz- 5 MHz. 
1.2.4 Ions excitation and detection 
When the ions first enter the cell, however, the radii of the cyclotron orbit are too 
small to be detected. In order to detect the ions, these ions should be excited to a larger 
radius. It can achieve by applying a potential to two excitation plates. The ion spirals 
outward once its cyclotron frequency is in resonance with the frequency of the applied 
radio frequency (r.f.) electric field as presented in Figure 1.2. Ions that are not in 
resonance do not absorb energy and remain at the center of the cell.4i If the r.f. voltage 
is applied continuously, the ions that absorb energy will spiral outward until they strike 
an excitation or detection plate, where they will be neutralized. This feature can be 
utilized to remove mass selected ions from the analyzer cell. If only ions of one 
mass-to-charge need to be ejected, an r.f. bust which is an excitation waveform can be 
applied. An r.f. chirp can be used to eject a range of masses. However, the r.f. burst and 
7 
r.f. chirp provide poor mass resolution in ejecting ions. All the ions are not excited to the 
same cyclotron radius because the power delivered to the ions is not evenly distributed 
over the desired excitation range. Moreover, it is difficult to eject ions of one 
mass-to-charge without exciting the ions around. SWIFT (stored waveform inverse 
Fourier transform)'^ ^ is another excitation method applied in FT-MS. It can achieve a flat 
and large range of the frequency in a given time-domain excitation period. Ions of 
different m/z values are excited to orbits of the same radius, though the cyclotron 
frequencies differ. It provides sufficient excitation to eject the ions on the low-frequency 
side and high-frequency side of the desired ions. 
The detection plates are composed of one pair of opposed electrodes and lying 
parallel to the magnetic axis. The alternating current induced from the ions as shown in 
Figure 1.2 is the image current and the sinusoidal image signal is amplified, digitized 
and stored for the further step?^ Image current detection provides unique capabilities for 
FT-MS due to its non-destructive character. The image current is a composite of 
sinusoides of different frequencies and amplitudes. Ions of different masses can be 
detected simultaneously with FT-MS by applying the broadband excitation. By applying 
a Fourier transform to the time domain transient, the frequency components of the 
signal are obtained. Further applying a calibration formula derived from the cyclotron 
equation, the frequency spectrum can be converted into a mass spectrum. 
1.3 Tandem mass spectrometry 
Tandem mass spectrometry (MS" or MS/MS) plays an important role in 
polypeptide sequencing. For structural elucidation in proteomics, "tandem mass 
spectrometry" experiments isolate the target polypeptide and apply proper activation 
method to generate the fragment ion. Then the resulting fragments are used to represent 
the structural information. There are two main categories of instruments allowed 









Figure 1. 2 Illustration of excitation through the application of an r.f. potential to the excitation electrodes and im
age current detection for m
ass analyzing 
ions in a cylindrical FT
-M
S analyzer cell 
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of individual mass spectrometers and the type of analyzer can be different or the same. 
The other category is using one mass spectrometer with ion storage capability to exploit 
a sequence of events in time, as tandem mass spectrometry experiment taken in FT-ICR 
MS. 
In FT-ICR MS, the ions of interest, which is named the precursor ion, is first 
isolated and utilized selected dissociation method to generate the fragmentation 
products. The fragmentation products coming from MS/MS are determined by the 
structure of polypeptide investigated as well as the dissociation method applied. A 
notation has been developed for indicating polypeptide fragments as given in Scheme 
1丄4344 The fragment ions are i n d i c a t e d by a, b, or c if the charge is retained on the 
N-terminus and by x, y or z if the charge is maintained on the C-terminus. 
i ； • Yn-l I ； • Y l 
i i ； • Zn-l i ： I • Zl 
'» , I ‘ I • • 拳 
Ri 丨 o i I R2 Rn-1 i o i i R„ 
I 丨 i H : I 丨 丨 丨 H 丨 I 
H . N — — C H — ~ - C — ^ N — : - C — — O H 
： 丨 丨 H H 丨 丨 丨 H 
^ 丨 丨 丨 ： 
b i - ^ 丨 I V i ^ ^ ： 
Scheme 1.1 Nomenclature for the fragmentation of polypeptide 
Fragmentation of ions in an ICR trapped-ion cell can be accomplished by several 
"slow-heating" methods: collision induced dissociation (CID)44，infrared multiphoton 
dissociation (IRMPD)45-46, blackbody infrared radiative dissociation (BIRD/^, 
surface-induced dissociation (SID)48 and ultraviolet photodissociation (UV-PD/^. Each 
of the so-called "slow-heating" methods^ ® results in slow activation of precursor ion: the 
ions are effectively heated to a higher Boltzmann temperature and fragment ions are 
generated by the lowest energy pathway. These dissociation methods are strongly 
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related to the energy provided from low (eV) to high (keV) and present lots of 
fragments (predominately b/y-ions) generated from the cleavage of the amide bonds as 
showed in Scheme 1.2. 
丨 H+ " 1 H+ 
H 0 丨 � - 1 H 1 � H 
丫 � N � E n e r g y , ^ + 
O Rm i H o O ~ o 
( b i o n ) ( y i o n ) 
Scheme 1.2 Fragmentation of peptide amide bonds to produce b and y ions 
CID is one of the most common methods for tandem mass spectrometry 
experiment in FT-ICR MS for polypeptide sequencing. There are several fine divisions 
of collision-induced dissociation methods which include on-resonance CID, sustained 
off-resonance irradiation CID (SORI-CID)^', very low-energy CID (VLE-CID^ and 
multiple excitations for collision activation (MECA)^^. They are classified based on the 
number, the duration and the frequency of the excitation waveforms applied. Among 
these, SORI-CID is the most widely adopted method for inducing the dissociation of 
polypeptide ions. In SORI-CID, precursor ions are excited slightly off-resonance in the 
presence of an inert gas leaked into the ICR cell. The collisions between the gas and the 
precursor ions during the acceleration cycle will induce the conversion of the 
translational energy of the precursor ions to the internal energy. In addition to the 
generation of b and y fragment ions described above, loss of small neutral molecules 
such as water and ammonia are typically observed. It can achieve high dissociation 
efficiency and sequence specific fragment ions. However, it provides limited 
information concerning the post-translational modifications (PTMs) and it is unable to 
cleave the disulfide linkage.^ "^  
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1.4 Electron capture dissociation 
Electron capture dissociation (ECD), originally pioneered by McLafferty and 
co-workers，has been the focus of a large number of publications since its introduction 
in 1998.55 Initially applied to larger multiply charged polypeptide molecules^ "^^ ,^ ECD 
has also been applied to induce fragmentation in peptide ions that carry at least two 
CO 
charges . The partial neutralization of multiply-protonated ions with low energy 
electrons will generate the charged-reduced species, [M+nH](n-i)+*. The radical may lose 
the hydrogen atom to form the even-electron charge-reduced precursor ion^ ,^ 
[M+(n-l)H](n-i)+，as showed in Scheme 1.3. Typically, this radical ion will induce the 
backbone cleavage to yield the dominant c/zMons (Scheme 1.4) and a*/y-ions in 
minority (Scheme 1.5).^ ^ 
[M+nH]n+ e > [M+nH](n-i)+ • _ ^ L ^ [M+(n-l)H](n-i)+ 
« • 
Scheme 1.3 A simplified representation of the electron capture process 
H+ 
H f 
I 2H+ Y V ^ ，H + 
O km+i O Rm Rm+1 
H： 
o Rm ： O { H+ o 
i (z* ion) 
- H f 
0 
(c ion) 
Scheme 1.4 Fragmentation of peptide N-Ca bonds to produce c and z*-ions 
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-"|2H+ H Rm+i ~|H 
V t ^ N � � e - ， 丫 、 H + I + H 2 � \ 
0 R,n H O O Rm O 
(a* ion) (y ion) 
Scheme 1.5 Production of a* and y-ions followed electron capture dissociation 
1.4.1 Features o f ECD 
Traditionally, the "slow-heating" techniques favor the lowest energy 
fragmentation pathway (e.g., cleavage of the amide bond in polypeptides) and 
site-specific fragmentation is prevalent. For example, the amide bond N-terminal to 
proline60-6i ^^  C-terminal to aspartic acid^^ is particularly facile. The fragments resulting 
from such a cleavage can be the dominating product ions. However, the cleavage under 
ECD is much more random and the extensive sequence coverage has been demonstrated. 
In the original ECD study, substance P (-1.3 kDa) revealed complete sequence 
coverage (except N-terminal proline), ubiquitin (-8.6 kDa) resulted in 50 of 75 
backbone positions cleavages and the cytochrome c (-1.24 kDa) resulted in 63 of 103 
backbone positions cleavages.^ "^^ ^ Due to the cyclic structure of proline (Pro), it yields 
63 ' 
little fragments for cleavage on its N-terminal side. 
Electron capture by polypeptides also results in cleavages within amino acid 
side-chains.55’63-65 ！打 some instances，fragment ions resulting from side-chain cleavages 
occupy a high abundance which is comparable with that of the charge-reduced precursor 
ion.64 Since side chain loss from leucine (Leu) is different from that of isoleucine (lie) 
(loss of 43.055 Da from Leu and 29.039 Da from lie), the differentiation of two 
isomeric species can come true.^ ^ 
Due to the preservation ofPTMs, ECD is able to identify the site of modification. 
PTMs are covalent processing events that change the properties of a polypeptide by 
proteolytic cleavage or by addition of a modifying group to one or more amino acid 
1 3 
r e s i d u e s . 6 7 PTMs of a polypeptide can determine its activity state, localization, stability 
and turnover of proteins. Unfortunately, the cleavage at the site of the modification is 
the dominant process under the "slow-heating" methods which made the absence of the 
information about the location of PTMs. By applying ECD in tandem mass 
spectrometry experiment， Y -carboxyglutamic acid residues68, N-^ /^ 
O-glycosylation70-72 ^ d phospholation^ "^^ "^  could be characterized. 
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Furthermore, ECD preferentially cleaves the disulfide bond in polypeptides. 
Traditionally, the presence of disulfide bonds has been a hindrance in MS/MS, limiting 
the available sequence information.^ "^^ ^ Previously, the problem has been solved by 
reducing the disulfide bonds (often followed by alkylation) prior to mass spectrometric 
analysis. This kind of time and sample consuming process is unnecessary under ECD. 
Zubarev et have reported that the most abundant fragment ions under ECD come 
from the cleavage of disulfide with retention of a hydrogen atom (as shown in Scheme 
1.6) for a disulfide-bound dimer. This feature can be used to exploit the polypeptides 
which are connected by the disulfide bond. Fagerquist et have found that adopting 
ECD FT-ICR MS can confirm the metabolite of desfuroylceftiofur is binding to the 
plasma and tissue protein through the disulfide bond. 
：令 n 2H+ H+ 
R i — — S — S — R 2 R i ~ S H + S — R 2 
Scheme 1.6 Cleavage of disulfide bonds following electron capture 
1.4.2 Two popular mechanisms for ECD 
These unique features undoubtedly strongly relates to the mechanism of 
dissociation, which should be different from that in "slow-heating" techniques. The 
fragmentation under ECD occurs in odd-electron species rather than even-electron 
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species under "slow-heating" techniques. In order to understand and explain the 
fragmentation behavior under ECD, several mechanisms have been proposed including 
the two most popular mechanisms: the Cornell mechanism and the Utah-Washington 
mechanism. 
1.4.2.1 The Cornell mechanism 
The Cornell mechanism^^ '^ '^'^ '^^ ® is the earliest model which was proposed by 
McLafferty and Zubarev in 1998. It postulates that electron is initially captured at a 
positively charged site to form a Rydberg radical center with an accompanying 
substantial release of energy. Although the initial electron capture populates an excited 
Rydberg level，the excited state can undergo a series of relaxations until finally reach 
the ground state. Once the ground state is reached, an H atom can be subsequently 
ejected or transferred to a nearby carbonyl oxygen atom or an S-S This radical 
will undergo N-Ca bond cleavage or prompt S-S bond rupture^ '^^ ^ as described in 
Scheme 1.7. There may be one or several amino acid residues separating the OCN or SS 
group with the charged site and the charged site must be close enough for H atom 
transfer once an electron attaches to the positive site. 
This well-founded conjecture is based on the solid knowledge from the 
83 I 
spectroscopy community about the behavior of molecular Rydberg states. An electron 
can attach the positively charged closed-shell molecules to form a hypervalent species 
in which the attached electron occupies a Rydberg orbital on the charge state. The . 
attached electron can enter a number of excited Rydberg orbitals or the lowest Rydberg 
oribital. The relaxations can be radiative or radiationless for the electron in an excited 
Rydberg states to lower Rydberg states. It provides a rational explanation for (stronger) 
N-Ca bond rather than (weaker) amide bond being cleaved. Moreover, most samples 
investigated under ECD have some positive charges (not less than two). Many of the 
polypeptides involve protonated basic amino acid residues as expected. The protonated 
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Scheme 1.7 The Cornell hydrogen atom mechanism for explaining the cleavage of 
N-Ca bond (I) and the disulfide bond (II) 
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sites are supposed to form hydrogen bonds with nearby backbone carbonyl oxygen or 
sulfur atoms in disulfide bond. It makes sense that the hydrogen atom which is liberated 
after electron capture will induce N-Ca bond cleavage or disulfide bond dissociation. 
1.4.2.2 The Utah-Washington mechanism 
The groups of Simons and Turecek put forward "Utah-Washington mechanism" 
(UW for short) for the dissociation under ECD.84-87 Unlike the Cornell mechanism, the 
electron is initially captured by the amide n or S-S a* oribital. Though vertical electron 
attachment to an amide n* or S-S a* orbital is endothermic, the energy of these 
low-lying anti-bonding orbital (amide n or S-S a* orbital) can be lowered by Coulomb 
potential provided by the positive site(s). Thus the electron attachment to either of these 
orbitals can be exothermic. Attaching to an amide tt* orbital, a barrier must still be 
surmounted to cleave the N-Ca bond which is around 1.3 eV and it is reduced by the 
new C=N n bond formation. The cleavage of N-Ca bond will generate a carbon-centered 
radical and a negatively charged "0-C=NH center. The latter part will abstract (not 
necessary) a proton to form the enol-imine or the amide structure. The process has been 
described in Scheme 1.8 (I). The disulfide bond will be cleaved in the situation of the 
electron entering the S-S a* orbital to generate Ri-S' and negative 一 S - R 2 as shown in 
Scheme 1.8 (II). Proton transfer may take place to neutralize the negative center. 
The direct vertical electron attachments to amide n* or S-S a* orbital is ca. 2.5 eV 
or 1 eV endothermic r e s p e c t i v e l y . O n e positively charged site which is located ca. 6 
人 for the amide n* orbital or ca. 14 人 for the S-S a* orbital away from the bond to be 
ruptured are expected to have the possibility to effect the bond cleavage according to the 
m e c h a n i s m .卯 In a multiply charged polypeptide, all of the Coulomb potentials 
contribute to the stabilization of amide n* orbital or S-S a* orbital to different extent. 
Thus many of the amide n* or S-S a* orbitals could be attached and it makes sense for 
the non-selectivity behavior of the cleavage. 
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1.4.3 Recombination energy 
The recombination energy (RE) could be released upon electron capture. It can be 
estimated from a thermodynamic cycle described in Figure where PA and HA are 
the proton and hydrogen atom affinities, respectively and (n-1) denotes a molecule with 
(n-1) sites protonated. The ionization energy (IE) of hydrogen atom is a constant value 
and it is 13.6 eV as reported. The PA of peptides can be as high as 10.6 eV for singly 
charge state and it will decrease with the number of protons increases.^ ^ Typically, the 
HA of even-electron species is smaller than 1 eV. As observed in the cycle, the 
estimated RE can be obtained by adding up the ionization energy of hydrogen atom and 
hydrogen atom affinity and subtracting the value of the proton affinity. The value of RE 
is determined by the PA and the HA. The recombination energy will decrease when the 
proton affinity is high and the value of it is between 4 and 7 eV. K is sufficient for N-Ca 

























































Figure 1.3 The therm
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1.5 Outline of the present work 
This project aims to study the electron capture dissociation behavior of 
polypeptide ions in a FT-ICR mass spectrometer. The effect of precursor ion 
heterogeneity on the ECD fragmentation has been explored. In chapter one, an 
introduction of the relevant mass spectrometry methods in proteomics is given. 
Particular emphasis is placed on the features and the mechanistic aspects of electron 
capture dissociation. In chapter two, the hardware of the FT-ICR mass spectrometer 
used in the present study is described in details together with the experimental 
procedure for the acquisition of ECD tandem mass spectrum. In chapter three, general 
ECD spectra acquired from the model peptides are described and the effects of various 
protonation conditions on the fragmentation efficiency and pathways are discussed. In 
chapter four, a preferential dissociation index (PDI) is introduced and is used to evaluate 
the cleavage preference of the ECD spectra obtained under different conditions. .The 
PDI values for different peptides at different charge states were then correlated with 
their corresponding precursor ion heterogeneities (PIH). PIH is a theoretical value 
obtained by using a simple mechanistic model comprising of two terms, i.e. the charge 
distribution heterogeneity (CDH) and the neutralization site heterogeneity (NSH). 
Exploring the correlations between PDI and PIH could lead to a better understanding of 
the origin of the "non-selectivity" behavior of ECD. The concluding remarks of the 
projects are presented in Chapter five. 
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CHAPTER 2 INSTRUMENTATION 
AND EXPERIMENTAL 
2.1 Fourier-transform ion cyclotron resonance mass spectrometer 
All the experiments described below are performed by adapting an APEX III 
Fourier-transform ion cyclotron mass spectrometer (APEX III, Bruker Instrument Inc., 
Boston, MA). A homemade nanospray device is added by the modification of the 
standard commercial electrospray source (Analytica, Branford, CT) to generate the 
analyte ions. The distinguished features of FT-ICR for tandem mass spectrometry 
analysis include the following aspects, the ultra-high mass resolution, efficient 
collection of the precursor ion as well as daughter ions besides application of different 
dissociation methods in the cell.^ ^ The vacuum system plays an important and 
• 
irreplaceable role in reaching the features above. In this chapter, besides the vacuum 
system, the other three main parts, which are an external nanospray ion source, an 
electrostatic ion transfer system and the ICR trapped-ion cell combined with an 
unshielded 4.7 Tesla superconducting magnet, will be discussed. The figure 
demonstrated the instrument shows in Figure 2.1. The superconducting magnet is fixed 
in a rack, which is mounted on the floor. The external nanospray ion source, 
electrostatic ion transfer system and ICR trapped-ion cell are assembled in the vacuum 
system. The external nanospray ion source is located at the front of the vacuum but the 































































































































Figure 2. 1 A
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2.1.1 Vacuum system 
In order to demonstrate a clear picture, the vacuum assembly has been 
sub-divided into several parts. It includes the source region, the transfer part and the cell 
for ion detection/dissociation. The small opening of the capillary for ion introduction 
from the nanospary system in the source region directly determines the requirement of a 
differential pumping system. In a normal working condition, the pressure at the location 
of dielectric capillary and hexapole are mbar and lO'^ -lO'"* mbar respectively. 
6 8 
The pressures at the front and near end of the transfer region are 10' mbar and 10" 
mbar, respectively. The pressure near the cell gets the minimum which is 10"^  mbar. The 
ultra-high vacuum system in the cell is the essential part. The collisions between the 
detection ions and molecules which will otherwise perturb the ion motion can be 
reduced in the ultrahigh vacuum condition. 
In the front part, an auxiliary rotary pump (E2M28, Edwards Corporation, UK) 
and a turbomolecular pump (EXT250HI, Edwards Corporation, UK) are installed. The 
turbomolecular pump is supported by the same rotary pump. In the ion transfer region, 
two different cryopumps are applied, the first one is Coolstar cryopump 800 (L/min) 
(Edwards Corporation, UK) and the other one is Coolstar cryopump 400 (L/min) 
(Edwards Corporation, UK). Besides these two, another Coolstar cryopump 800 (L/min) 
(Edwards Corporation, UK) is added before the cell part to achieve and maintain the 
cell in the ultra-high vacuum condition. All these three cryopumps are controlled by a 
Cryodrive 3.0 (Ricor Limited, Israel). And the cryodrive can be computer-controlled by 
the program called Ricor PLC Communication. The liquid helium is supplied by the 
compressor worked in the cryodrive and circulated in the three cryopumps. The 
compressor needs a refrigerated recirculator (CFT-150, Neslab, US) to make sure it 
works in a relative cool temperature. The working performance of the cyropump is 
evaluated by the temperature of the cold head and the temperature can be got via the 
2 4 
hydrogen gas thermometer installed on the cryopump. 
Except for the experimental period, the hole of the dielectric capillary in the ion 
source region is covered by parafilm to reach/keep a lower pressure. In order to pump 
down the whole system from the atmospheric pressure to high vacuum situation, 
another pump, the roughing rotary pump (E2M18, Edwards Corporation, UK) is used. It 
can assist the auxiliary rotary pump to get the system pressure below 10'^  mbar. The 
auxiliary rotary pump is connected to the ion source region; whereas the roughing rotary 
pump is connected to the front of the ion transfer region. When the pressure is below 
10-2 mbar, the turbomolecular pump starts to work. The whole system can be pumped 
down to below 5x10"^ mbar. For the next step, the three cyropumps work together. 
When the pressure of the front of the ion transfer region is 9x10"'^  mbar, the gate valve 
located between the roughing rotary pump and the vacuum assembly is closed 
8 V 、 
automatically. The system is continuously pumped down around 1x10' mbar. The 
ultrahigh vacuum condition (2x10"^ mbar) can reach when the whole system is heating 
up to 150 °C for eight hours. The high vacuum should be guaranteed before the 
experiment. Regeneration of the whole system is applied to improve the capacity of the 
cryopumps. It can make sure the pressure of the whole system in an ideal condition. 
The vacuum conditions of the trapped-ion cell region and the ion transfer region 
are monitored as applying two cold cathode gauges (IKR 020，Balzers, Liechtensteion). 
Because the cold cathode gauges should be operated under the pressure below IxlO"^ 
mbar, a pirani gauge (TR 010，Balzers, Liechtensteion) is used before the pressure get 
the value. In the whole system, there are two valves. A gate valve (DN50, VAT 
Vakuumventile AG, Haag) is used to separate the front and the rear part of the ioi) 
transfer region. The Vatterfly valve (DN160, Vatterfly Valve Series 20，Vat 
Vakuumventile AG, Haag) is installed in the first cryopump which aims to isolate the 
front part of the ion transfer region and the cyropump 800 (L/min) itself. Closing these 
two gates provides a convenient way to exchange the dielectric capillary for cleaning or 
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exchanging the ion source while keeping the vacuum in the trapping cell and the front 
Coolstar cyropump 800 (L/min) in the ion source region. 
Two valves, a leak valve and an electromagnetic pulse valve, are installed near 
the ion trapped cell region for different purposes. The leak valve is used purposely for 
introduction of the volatile samples into the cell and it is controlled by the nob of the 
leak valve adjustment. Differently, the buffer/collision gas is introduced in the 
electromagnetic pulse valve and this valve is controlled by a TTL pulse generated from 
the console. The buffer/collision gas is first stored in a small gas cylinder for the careful 
control. 
2.1.2 Nanospray system 
The FTMS system is originally equipped with a commercially available 
electrospray ionization source (Analytica, Branford，CT)，which is consisted by a spray 
chamber and ion transfer optics. In order to adopt a homemade nanospray^^ the spray 
chamber has been modified as presented in Figure 2.2. A homemade glass tip, which is 
placed at a few centimeters away from the opening of the dielectric capillary, is used to 
store the sample. A platform, which is used to fix the tapered capillary, can provide three 
dimensional adjustments along the x, y and z directions. To get electrical contact, a thin 
gold-plated tungsten wire (O = 10.0 |xm) is placed inside the tapered capillary. This thin 
wire is spot-welded onto a platinum wire (O = 0.3.mm) to facilitate manipulation. The 
potential difference between grounded the platinum wire and the entrance cap of the 
dielectric capillary which has been applied a negative potential (-1,000 V) generates a 
stable spray of the sample solution. The negative potential is used to form the positive 
analyte ions. The warm nitrogen gas is introduced to remove the solvent from the 
sprayed droplets. The gas-phase ions are sampled into the higher vacuum system 
through the dielectric capillary. The length of the dielectric capillary is 18.0 cm and it is 
made of glass. Both of the ends are coated with stainless steel caps which the potential 
2 6 
Vcap and LI can be applied respectively. Moreover, the electrospray ion transfer optics is 
T X / I 
located in the low vacuum region and is composed of a skimmer (L2), an Iris 
hexapole ion guide (L3) and a gated electrode (L6). 
The small orifice of the dielectric capillary and the skimmer are used to limit the 
gas flow from the atmosphere into the vacuum region. In the part between the capillary 
and skimmer, a rotary pump is used to pump the system down to 10•�10" mbar. A 
turomolecular pump 240 (L/min) (Edwads, UK) is used to pump the pressure around 
10-3�10-4 mbar in the region between the skimmer and the hexapole ion guide. The 
hexapole ion guide with six gold-coated rods is used for external ion accumulation and 
ion beam focusing prior to extraction. After certain period of time, the ions, which are 
accumulated in the hexapole, are guided into the ICR cell through the ion transfer 
region. Trapping ions in the hexapole for a period aims to increase the signal intensity 
of the analyte ions before directly transfer them to the trapped-ion cell. 
Besides the vacuum situation, the voltage applied to guide the ion transfer in the 
source part should also be discussed. For the positive ion mode, the potential added in 
LI is around 100 V (positive potential for positive ion mode and vice versa). Hence, a 
potential barrier is formed for the analyte ions. At the same time, the pressure difference 
existed between the atmosphere and the skimmer region mbar) will form a 
gas flow. This gas flow plays an assisting role for ions crossing the energy barrier. The 
rf-only hexapole ion guide is used to focus the analyte ions. Under this potential, the 
ions oscillated along the central line of the ion guide. Different potentials will be 
applied to the electrode L6 for trapping ions or going through. For positive ion mode, 
the gate electrode will be added a positive potential when ions are trapped inside the 
hexapole ion guide. Nevertheless, negative potential pulse is applied to the gate 
electrode for extracting the analyte ions to the ion transfer region. 
27 
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2.1.3 Ion transfer system 
The existence of the electrostatic ion transfer system aims to guide the ions from 
the ion source region to the ICR trapped-ion cell. It is composed by a series of 
electrostatic lenses. Figure 2.3 has presented a schematic of the ion optical components 
combined with the typical potential gradient curve. Two types of ion optics are applied 
in the ion transfer system. One is the ion focusing lens including PL1，PL9, FOCLl and 
F0CL2. The other type is beam steering electrodes in the y- and x- axis respectively as 
PL2 (with DPL2) and PL4 (with DPL4). The potentials of the beam steering electrodes 
can be applied to some preset values in order to guide the ions into the trapped-ion cell, 
or grounded to deflect the ions away from the ion optical axis. 
HVO has always been added a high potential, as -2.5 kV for positive ion mode 
and 2.5 kV for negative ion mode. The aim for applying the high voltage in HVO is to 
accelerate the ions to a higher velocity. It will further increase the ion transmission 
efficiency through the magnetic field. XDFL and YDFL, as pairs of deflecting 
electrodes, are used to correct the path of the ion beam in the x- and y- direction 
respectively. The value of these two electrodes strongly depends on the HVO applied. 
EVl , which is located at the entrance of the trapped ion cell, is applied with a lightly 
negative potential to pull the decelerated ions into the trapped-ion cell. A pair of 
splitted electrodes EV2 and DEV2, which are just behind the E V l , can provide the 
"kicker voltage" to deflect the ion beam along the x-y plane to increase the trapping 
efficiency. 
2.1.4 Infinity™ cell 
In the FTICR-MS, an Infinity™ Cell (Bruker-spectrospin, Fallanden, Switzerland) 
is installed.34 The Infinity^^ Cell is a cylindrical cell with dimensions of 60 mm in 
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which can withstand the ultra-high vacuum. Two trapping electrodes at the front and 
rear ends of the cell will be added a certain voltage as PVl and PV2 respectively. For 
ions entrance or exit, different voltages will be applied. A negative potential, -10 V (for 
positive ion mode), is applied to remove the residue ions from the cell for ion quenching 
event. After quenching, the potential of these two trapping electrodes will go back to the 
initial value. The four curved electrodes were installed orthogonal to the trapping plates. 
The rf-excitation pulses are transmitted through the excitation plates, the shorter pair of 
the electrodes. In this instrument, two different types of excitation waveforms, the chirp 
(for board-band mode) and pulse (for narrow-band mode) excitation, can be used. In the 
process of excitation, the waveform is first generated by a high frequency unit (HFU) 
located inside the APEX III console (Bruker Instrument Inc., Billerica, US) and then is 
amplified by a rf power amplifier (Ultra 2019, Bruker Daltonics Inc., Billerica, US). 
The detection of image current is taken by the other pair of electrodes, the detection 
plates. 
The unique features of the design of the Infinity™ Cell compared with other 
standard cell include several parts. The use of the segmented trapping plates can avoid 
the undesirable z-axial ejection of the trapped ions during ion excitation. In the protocol 
for the InfmityTM Cell, the potential for the front trapping potential PVl is kept as 
constant. In order to make sure the ions enter the cell, the potential of EV1’EV2 and 
DEV2 are changed to some present-values. After ion accumulation, the cell is closed by 
adjusting the potentials of these electrodes to the same value as PVl. 
2.1.5 Electron emission source 
Up to now, there are several different kinds of setups for the electrons emission.^ '* 
In this system, a standard electrically heated filament source is installed in the FTMS 
for electron emission as showed in Figure 2.4.95 filament is made of a rhenium 
ribbon with width � 0 . 5 mm and two ends are spot-welded onto two separate metal posts 
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(Pinl and Pin2) with a distance of � 6 mm. A metal plate is used to repel electrons for 
electron injection into the trapped-ion cell by applying a negative potential. It is placed 
at the back of the filament and directly connected to Pin2. The equal potential, which is 
+13.2 V, is applied to Pinl and Pin2. In this situation, it will not generate the current or 
irradiate electrons. Once the potential difference existed between Pinl and Pin2, the 
current will flow through the filament. The negative potential used in both Pinl and 
Pin2 can irradiate electrons in the process of ECD. When the potential of Pin2 is more 
negative, the metal plate can repel the electron into the trapped-ion cell. 
) 
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2.1.6 Data acquisition system 
The console of the FT-MS instrument is connected to a Dell window-based 
workstation PWS530 (Dell Computer Corportation, Texas, US). The Dell workstation is 
equipped with an Intel (R) XEO microprocessor and 32 megabytes (Mb) of base 
memory. The operation system is Microsoft Windows 2000. All the operation orders, 
such as the experimental parameters tuning, data acquisition and manipulation, are 
performed by applying a user-interface program XMASS version 6.1.0 (Bruker 
Daltonics, Billerica，US) on the Dell workstation. The free induced decay (FID) signal 
is received and amplified by the FADC 12-bit digitizer in board-band mode. The 
maximum size of the time-domain signal is 1 Mbytes. After the completion of the data 
acquisition, the FID signal is transferred to the Dell workstation. It is first zero-filled 
and then converted to the frequency-domain signal (mass spectrum) by fast Fourier 
transform (FFT) algorithm and magnitude calculation method. 
2.2 Experimental 
2.2.1 Simple ESI acquisition pulse program 
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experiment. A pulse program is the sequence of pulses which are sent to different units 
of the FT-ICR MS to control the corresponding events during acquisition. The general 
description of the pulse program of a simple ESI FT-ICR MS experiment shows in 
Figure 2.5 (the source code of the pulse program is stated in Appendix lA). In each 
acquisition cycle, the experiment starts with two quenching steps. The first quenching 
pulse is trapped-ion cell quench. In this pulse, the potential of the rear trapping plate is 
-10 V for positive ion mode. The ESI ion source quenching is another quenching step. 
By changing the potential of the gate electrode to the negative voltage, positive ions in 
the hexapole ion guide can be removed. After the two quench pulses, a short delay is 
added to allow the potential of the gate electrode and rear trapping electrode back to the 
preset voltages. In the ion accumulation event, the ions which are generated from the 
nanospray system will be accumulated in the hexapole for a preset delay period. 
Following, the accumulated ions will be injected to the electrostatic ion transfer region 
by adjusting the potential of the gate electrode. Meanwhile, the deflector voltages, 
DPL2 and DPL4, and the voltage of the entrance electrodes of the InfmityTM Cell are all 
adjusted to guide the ion beam into the cell. For the trapped-ion cell part, a period for 
the accumulation of the ions is also required. An ion excitation pulse and an ion 
detection pulse are executed sequentially. A chirp of rf waveform is transmitted through 
the excitation electrodes of the InfmityTM Cell. The rf waveform will scan the cyclotron 
frequency from the highest frequency (lowest detection mass) to the lowest frequency 
(highest detection mass). The duration and the amplitude of the rf-waveform can be 
adjusted to get an optimized ion signal. The image current coming from cyclotron 
motions of the excited ions can be detected by the rf receiver plates of the InfmityTM 
Cell. These pulse sequences will be repeated for a predefined number of times to sum 
the signal. 
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2.2.2 ESI-ECD acquisition pulse program 
In the electron capture dissociation experiments, the ions of interest will be first 
isolated and then irradiated with a low energy (not higher than 5 eV) electron beam. In 
this part, the pulse program is quite similar to that of a simple acquisition experiment. 
The common events include the following parts, cell and ion source quench, ion 
accumulation, ion injection, ion excitation and ion detection. Two more pulses, ion 
selection and electron irradiation, are introduced as shown in Figure 2.6 (the source 
code of the pulse program is stated in Appendix IB). After trapping ions in the cell, a 
correlation sweep (a modified chirp of rf waveform) is applied to over-excite the 
unwanted ions. In this part, the amplitude and duration of the rf waveform, and the 
"ejection safety belt" need to be optimized to get a maximum ion ejection efficiency. 
Electron irradiation is taken in the next step. The potential of Pinl and Pin2 will be 
tuned from positive to negative for electron emission. The electron beam will be 
directed into the trapped-ion cell to interact with the selected ions for a period. The 
electron flux and electron energy can be adjusted by varying the filament heating 
current and the average filament bias voltage respectively. The irradiation time is also 







































Figure 2. 5 Sim





















































CHAPTER 3 FRAGMENTATION OF 
MODEL PEPTIDE IONS IN DIFFERENT 
CHARGE STATES UNDER ECD 
CONDITIONS 
3.1 Introduction 
Electrospray ionization mass spectrometry (ESI-MS) is a fast, sensitive and very 
accurate method for measuring the masses of large molecules.^ '^^ ^ Multiply-protonated 
polypeptide ions are generated in atmospheric conditions during the ESI process(es) and 
then transferred into the mass spectrometer for mass measurement. The charge-state 
distribution (CSD) of polypeptide ions produced under ECD conditions is governed by 
the primary amino acid sequence, secondary and tertiary structure, solution composition 
and various instrumental conditions.^ ^ ESI FT-MS is a mass spectrometer capable of 
performing multiple-stage MS/MS experiments and producing high quality mass 
spectral information regarding the mass resolution and mass accuracy.^ ^ Tandem mass 
spectrometry is frequently used in proteomic studies, particular using the bottom-up 
approach. 18’99 In bottom-up approach, polypeptides are first digested with a specific 
protease and the peptides formed are then analyzed by simple mass spectrometry and/or 
tandem mass spectrometry. 
In tandem mass spectrometry, the peptide ions of interest are first mass-selected 
(or isolated) and are then dissociated using appropriate activation method(s). The 
generated fragments are used for sequence deduction. Collision induced dissociation 
(CID) is one of the most widely used ion activation method. Selected ions are subjected 
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to collisions with inert gases at elevated background pressure. CID method has a high 
dissociation efficiency. Due presumably to the slow internal energy uptake of the target 
ions under CID conditions, weak bonds are preferentially cleaved. In polypeptide ions, 
peptide amide bond are commonly cleaved to form series of b/y-ions.^ ^® However, 
several amino acid residues are known to have strong influence on the fragmentation of 
the polypeptide ions under CID conditions. For instance, peptide ions containing proline 
residue(s) are known to show preferred cleavage at its (their) N-terminal position(s); 
whereas peptide ions containing aspectic (or glutamic) acid residue(s) will show much 
higher cleavage frequency at its (their) C-terminal side position(s). Together with some 
non-sequence specific neutral losses, such as H2O, CO2，some peptide ions might 
display limited cleavage information under CID c o n d i t i o n s . ⑴ 丑 - ⑴ ， E l e c t r o n - b a s e d ion 
activation methods, such as electron capture dissociation (ECD) and electron transfer 
dissociation (ETD), are more promising methods for de novo sequencing of 
polypeptides. 106 It has been reported that the sequence coverage provided by ECD is 
roughly 3 times as provided by CID for ubiquitin in 11+ charge state. ^ ^^  In these ion 
activation methods, the even-electron multiply-charged precursor ions are 
charge-reduced by either free electrons or by electrons transferred from anionic reagent 
ions to form odd-electron hydrogen-surplus peptide ions. Through the charge-reduction 
process, these charge-reduced peptide ions are believed to have substantial electronic 
and vibro-rotational excitation to undergo extensive cleavage along the N-Cq linkages to 
form series of c/z'-ions. The preservation of labile post-translation modifications 
(PTMs), such as phophorylation^ "^^ ^ glycosylation^ "^^ ^ and sulfation^^ is another 
prominent feature of ECD. These electron-based ion activation methods are now. 
generally considered as complementary techniques to the more conventional ion 
activation methods, such as CID and IRMPD.^ ®^ "^ ®^  
Regarding the mechanistic aspects of ECD, there are two prevailing mechanisms 
to describe the ECD phenomenon, i.e. Cornell mechanism proposed by Zubarev and 
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McLafferty and the Utah-Washington mechanism proposed by Simons and Turecek. 
The core difference between the Cornell mechanism and the Utah-Washington 
mechanism is related to the way in which the incoming electron is attached to the 
peptide ions. In Cornell model, the electron is being captured at an excited Rydberg 
state of the protonated nitrogen; whereas the electron is being captured by the amide n 
orbital under the influence of the remote charge(s).^ ^ Many studies have been conducted 
to identify and characterize key factors that dictate the ECD dissociation of polypeptides. 
These include the study of amino acid c o m p o s i t i o n , c h a r g e state of precursor 
ions，iio-i" the nature of the charge carrier，"。’”?-”* and various experimental conditions, 
such as the cell t e m p e r a t u r e " ^ and the ion-electron o v e r l a p p i n g . � Due presumably to 
the use of different polypeptide samples and/or instrumental configurations (and 
conditions), many controversial experimental findings were published. Zubarev and 
co-workers claimed that the charge state of the precursor ion does not have strong 
influence on the ECD efficiency;^^^ whereas William^and Hakansson'*^ found in 
separate experiments that the sequence coverage and the electron capture dissociation 
efficiency are affected with the charge-state of the precursor ions increasing. McLuckey 
and co-workers^^^ reported that the position of charge carrier can have significant 
influence on the relative efficiency of competing reaction channels, as proton transfer 
versus electron transfer; and electron transfer with and without subsequent dissociation. 
In this chapter, the effects of protonation conditions, i.e. the charge state, the proton 
carriers and the proton carrier location, on peptide fragmentation under ECD conditions 
were investigated systematically. 
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3.2. Experimental 
3.2.1 Sequence design and sample preparation 
Table 3.1 lists a series of model peptides used in the present study. They were 
pursued from Peptron Inc., (South Korea) and were used without further purification. In 
all peptides, the N-terminal amino groups were acetylated and C-terminal carboxylic 
acid groups were amidated. Xs represent basic amino acid residues, i.e. arginine (Arg, R) 
or lysine (Lys, K) residues; and "A" represents alainine residue (Ala). For convenience, 
each peptide sequence AC-XAAAXAAAXAAAX-NH2 is denoted by the symbol 
XXXX. All the solutions are prepared at concentrations about 2 X 10"^Min 1:1 water: 
methanol (v:v). In order to increase the intensity the precursor ion at high charge state, a 
small amount of m-nitrobenzyl alcohol'^ ^ (m-NBA, 1 % , Acros Organics) was 
introduced into the sample solution prior to ESI experiment. 
The model peptides are designed to mimic the central part of a large protein.. Both 
N-terminal and C-terminal functionalities were modified in order to minimize factor(s) 
that influence the conformation of the peptides, such as the salt bridge's formation 
between the N-terminal amino group and the C-terminal carboxylic group. The four 
basic amino acid residues were incorporated in the peptide framework in order to 
provide a relatively wide range of the charge states. Two types of basic amino acid 
residues with different proton affinities, i.e. arginine and lysine, were used to alter the 
charging pattern and neutralization preference. Three consecutive alanine residues were 
used as spacers to alleviate interactions between side chains of the neighboring amino 
acid residues. 
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Table 3. 1 A summary of the peptide ions studied using ECD MS/MS 
No. of basic amino acid residues Sequences 
AllArginine Ac-RAAARAAARAAAR -NH2 (RRRR) 
AllLysine X—c^^S入"Xl^XXi^-入亚--NHz (IG^KK) 
入 诵 
Ac-RAAAKAAARAAAR -NH2 (RKRR) 
One Lysine and Three Arginine 
AC-RAAARAAAKAAAR-NH2 (RRKR) 
Ac-RAAARAAARAAAK -NH2 (RRRK) 
X c ^ X X j ^ X S X X X S S M z Y ^ S S S i i 
Ac-KAAARAAAKAAAR -NH2 (KRKR) 
AC-KAAARAAARAAAK-NH2 (KRRK) 
Two Lysine and Two Arginine 
Ac-RAAAKAAARAAAK -NH2 (RKRK) 
AC-RAAAKAAAKAAAR-NH2 (RKKR) 
Ac-RAAARAAAKAAAK -NH2 (RRKK) 
“‘“Three Lysine and One ArginTne j ^ A X X j S入 -通 2 — (KKKR) 
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3.2.2 BCD under fourier-transform ion cyclotron mass spectrometer 
All ECD experiments described below are performed on a 4.7 Tesla FT-MS 
system (APEX III, Bruker Instrument Inc., Boston, MA). In the ESI ion source part, a 
homemade nanospray device is added.^ ^ The analyte solution is loaded into a capillary. 
The electrospray process is assisted by a 10 \im gold-plated tungsten wire. The ions are 
TIvI 
externally accumulated in a hexapole for 3 s and then transferred into the Infinity Cell 
by adjusting the voltage of each panel. The precursor ions under investigation are 
selected and stored without cooling gas. The emission of the electrons is achieved by 
using a standard electrically heated filament-the rhenium ribbon.^ ^ The conditions of 
ECD are optimized and fixed (the filament heating current is 3.15 A, the average bias 
voltage of the filament is 3.6 V and electron irradiation time is 300 ms). All ECD mass 
spectra are acquired in boardband mode using 256 kByte dataset. Hundred scans are 
normally summed to improve the signal-to-noise ratio and the confidence of the 
statistical of the acquired data. The peak intensity values are divided by the charge state, 
as the ICR detector responds to the number of charges. 
3.3 Results and discussion 
3.3.1 General features of ECD spectra 
3.3.1.1 ECD of RRRR 
Figure 3.1 shows the ECD spectra of RRRR obtained at 2+，3+ and 4+ charge 
states. In the ECD spectrum of [M+2H]2+，besides the loss of hydrogen atom to form 
[M+H]+, the loss of acetylated N-terminal group (NH2COCH3) from the charge-reduced 
precursor ion is the main non-backbone cleavage channel. The backbone cleavage 
fragments include series of c-ions (i.e. C7-C12) and z.-ions (i.e. zg'-zn'). The mass 
assignment of the fragment ion species of RRRR in doubly charge state is summarized 
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in Table 3.2. For ECD of the [M+3H]3+ (see Figure 3.1(b)), many more non-backbone 
cleavage fragments were observed. The characteristic losses of arginine side-chain from 
the reduced precursor ions, including even-electron species of 101.095 Da (C4H11N3, 
CH3CH2CH2NHC=NH(NH2)), 87.070 Da (C3H9N3, CH3CH2NHC=NH(NH2)), and 
odd-electron species of 43.030 Da (.CH3N2, .C=NH(NH2)) and 72.056 Da (.C2H6N3, 
•CH2NHC=NH(NH2)) losses were observed. In addition，a wider range of c-ions was 
generated, including ci to ci2-ions. Doubly-protonated fragments, and zi2 "^^ '-ions 
were also formed. For the ECD of [M+4H]4+, secondary electron capture dissociation 
fragment, [M+4H-NH2COCH3-C3H9N3]2+，can be identified (see Figure 3.1(c)). More 
backbone cleavage fragments in high charge state were observed, i.e. 
Similarly, losses of arginine side-chain (C2H6N3, 72.056 Da; CsHgNs, 86.072 Da and 
C4H10N3, 100.087 Da) from the charge-reduced precursor ions and from some of the 
larger Zn'-ions, where n > 5, can also be observed. 
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Figure 3. 1 Typical ECD mass spectra of RRRR in different charge states: (a) 2+, (b) 3+ 
and (c) 4+. 
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Table 3. 2 Assignment of peaks in ECD spectrum of RRRR in doubly charge state 
Theoretical Experimental Error in 
Fragment S/N 
Mass Mass ppm 
[M+H]+ 1323.7828 1323.7811 18!6 ~ “ 
[M+2H-H20-NH2C0CH3-NH3]+* 1230.7164 1230.6914 5.4 -20.3 
[M+2H-H2O-NH2COCH3]'" • 1247.7430 1247.7294 54.5 -10.9 
[M+2H-NH2C0CH3]+* 1265.7535 1265.7351 130.5 -14.6 
[M+2H-CH4N2]+. 1280.7532 1280.7492 35.3 -3.1 
[M+2H-NH3]+. 1307.7641 1307.7531 16.4 -8.4 
C7 727.4322 727.4257 17.5 -8.9 
C8 798.4693 798.4691 33.2 -0.2 
C9 954.5704 954.5762 27.2 6.1 
Cio 1025.6075 1025.6085 34.7 1.0 
cii 1096.6446 1096.6479 20.6 3.0 
C12 1167.6817 1167.6808 55.9 -0.8 
zg' 740.4400 740.4351 26.3 -6.6 
Z9 896.5411 896.5480 57.0 7.7 
zio' 967.5782 967.5727 “ 4.6 -5.7 
zii* 1038.6153 1038.6031 17.9 -11.8 
ZX2 1109.6524 1109.6601 31.6 6.9 
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3.3.1.2 ECD ofKKKK 
Figure 3.2 shows the ECD spectra of protonated AC-KAAAKAAAKAAAK-NH2 
in different charge states. For doubly-protonated peptide ions ([M+2H]2+)，fragment 
ions corresponding to the losses of H* and N-terminal acetylated group from the 
charge-reduced precursor ion (i.e. ([M+2H]+ and [M+2H-NH2COCH3]"'*) were formed. 
Backbone cleavage fragments, including series of c-ions (i.e. C7-C12) and zMons (i.e. 
z j ' - zn) were obtained. For ECD of triply-protonated peptides ([M+3H]3+), fragment 
ions corresponding to the loss of small neutral moiety (i.e. H2O) and side chain of lysine 
(i.e. 'CH2CH2CH2NH2, m/z 58.066 Da) from the charge-reduced precursor ions were 
observed in addition to the [M+2H]2+ and [M+3H-NH2COCH3]2+* species (see Figure 
3.2b). An extended series of backbone cleavage fragment ions，including ci- to c^-ions 
and Z5*- to zi2*-ions, were obtained. Many of the z*-ions were found with a satellite peak 
originated from the additional loss of lysine side chain. Series of atypical .ECD 
fragments, i.e. b-ions (i.e. b4- to bi2-ions) and y-ions (i.e. y^-, yg- and yio-ions) were also 
generated. For quaternary-protonated peptide ions is the only 
non-backbone cleavage fragment observed. Sequence specific fragments include series 
of zMons with losses of lysine side chain (i.e. Zn* - 'CsHgN), series of b-ions with and 
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Figure 3. 2 Typical ECD mass spectra of KKKK in different charge states: (a) 2+，(b) 3+ 
and (c) 4+. 
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3.3.2 Effect of charge state of precursor ions 
Generally, the fragments grossly shift to the low mass region with the charge state 
increased. Sequence coverage and ECD efficiency are usually used to describe the 
extent of dissociation. The sequence coverage is defined as the number of cleaved N-Ca 
bonds over the total number of N-Cabonds as shown in Equation 3.1. ECD efficiency 
calculates the percentage of the total abundance of all the fragment ions among all the 
ions (Equation 3.2). The fragment ions include the even-electron charge-reduced 
precursor ion. Relative abundance (R, %) of some specific fragment ions among all the 
fragment ions is calculated (Equation 3.3). Table 3.3 has summarized the quantitative 
analysis results of the fragments. 
e � Number of cleaved N - C^ backbone bonds , , 
Sequence Coverage = ^ x 100% (3.1) 
Total Number of N - backbone bonds 
ECD efficiency = 
i n n � / ^ ^ ^backbone dissociation fragments + ^ ^ -^non-backbone cleavage fragments / I I � 
X y-j (丄 
L u backbone dissociation fragments 丁 non-backbone cleavage fragments ~ ^ precursor ion 
Relative abundance = 
V/ 
1 0 0 % X L u specific fragment ion 3 ) 
E ^ b a c k b o n e d i s s o c i a t i o n fragments + S ^non 
•backbone cleavage fragments 
In the peptides, RRRR and KKKK, the effect of the charge state of precursor ions 
on the sequence coverage is limited. Two peptides can generate high sequence coverage, 
which is more than 90%. KKKK in quadruply charge state generates low sequence 
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coverage, 50%. The sequence coverage describes the N-Ca bond cleavage. KKKK in 
quadruply charge state prefers to cleave amide bonds than N-Ca bonds. The ECD 
efficiency increase with charge state of the precursor ions increasing in most situations. 
The possibility of the fragments being charged is increased. It will further enhance the 
ions be detected. The electron capture cross-section is proportional to the squared of 
charge s ta te ."9 The high charge state increases the overlapping of peptides ions and 
electrons. 
By calculating the relative percentages of the fragments, it has been found that the 
charge state of the precursor ions affects the dissociation pathway. Since the relative 
abundance of the non-backbone cleavage fragments decreases with charge state of 
precursor ions increases, the high charge state of precursor ions enhances the backbone 
cleavage. In RRRR, the relative abundance of even-electron charge-reduced precursor 
ion [M+(n-l)H](n-i)+ increases with the charge state increases. In KKKK, it decreases 
where charge state increases from 3+ to 4+. 
For RRRR, the cleavage of the N-Ca bonds is stimulated. The more unfolded 
structure in high charge state is believed to enhance N-Ca bonds cleavage. The 
charge-charge repulsion makes the structure more unfolded in high charge state. In 
the more unfolded structure, hydrogen atom easily contacts with the carbonyl oxygen 
followed the Connell mechanism. The more unfolded structure also enhances the 
hydrogen atom losses directly from the charge-reduced precursor ion. 
For KKKK, the cleavage of amide bonds is beneficial with the charge state of 
precursor ions increases. Mobile proton mechanism^ ®'^ '^ ^^  is used to explain the 
generation of b/y- ions under ECD here. The precursor ion of b/y- ions is the 
even-electron charge-reduced precursor ion. The energy for proton mobilization in high 
charge state is less than that in low charge state. It coincides with the decrease of 
even-electron charge-reduced precursor ion from [M+3H]3+ to [M+4H]4+ as the result of 
the generation of b/y- ions. 
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Table 3. 3 The quantitative analysis of the fragm








































































































































































































































rrors are the standard deviation calculated from
 the m
ean of three replicate experim
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3.3.3 Effect of proton carriers 
Arginine and lysine as two different proton carriers are explored here. The 
peptides, including RRRR, KRRR, KKRR, KKKR and KKKK, are used to compare 
these two proton carriers. The typical ECD spectra of the peptides in doubly, triply and 
quadruply charge states are presented in Appendix 11. The relative abundances of the 
fragments are summarized in Table 3.4. 
In lysine-rich peptides, the non-backbone cleavage fragments occupy less 
abundance compared with that in arginine-rich peptides. The abundance decreases 
dramatically from KKRR to KKKR in doubly charge state but from KRRR to KKRR in 
quadruply charge state. It indicates that in high charge state lysine has a larger 
possibility to be protonated compared with that in low charge state for the same peptide. 
In doubly charge state, the relative abundance of all the c/z*- ions in lysine-rich 
peptides is high than that in arginine-rich peptides. In lysine-rich peptides, the hydrogen 
atom lost is favorable and the modified N-terminal lost from the charge reduced 
precursor ion is suppressed. The situation in arginine-rich peptides is reverse. These 
observations suggest that arginine radical is a poor hydrogen atom donor compared with 
lysine radical. The energy need to lose the guanidine group is less than to lose the 
hydrogen atom^^ ,^ which makes side-chains losses being favorable than hydrogen atom 
loss or N-Ca bonds cleavages in arginin-rich peptides. No b/y ions are observed among 
the peptides in doubly charge state. 
A series of b/y ions have been generated in lysine-rich peptides in triply and 
quadruply charge states. The relative abundance of the b/y ions is more than 20% in 
KKKR in triply charge state. It is more than 50% in KKRR in quadruply charge state. 
Two reasons are believed to be responsible for the b/y ions generation in lysine-rich 
peptides. The recombination energy of protonated lysine residue is higher than that , of 
protonated arginine residue. The energy needed to mobilize the proton located in lysine 
5 2 
Table 3. 4 T
he relative abundance of fragm
























































































































































































































































































































































residue is lower than that in arginine residue. The proton affinity of arginine residue is 
1049 kJ/mol and proton affinity of lysine residue is 955 kJ/mol.^ ^^  
3.3.4 Effect of proton carrier location 
The effect of proton location is explored among one-lysine containing peptides in 
different charge states first. The typical ECD spectra are presented in Appendix II and 
the relative abundances of the fragments are summarized in Table 3.5. 
In quadruply charge state, the relative abundance of b/y- ions in RKRR or RRKR 
is larger than that in KRRR or RRRK. The b/y- ions are always generated in lysine-rich 
peptides. It indicates that the lysine residue position affects the neutralization process 
since all basic amino acid residues are protonated in quadruply charge state. Two 
possible aspects might be affected in the neutralization process. Proton in the central 
lysine might be easily to be neutralized than that in the terminal lysine. The proton 
located in the central lysine could be mobilized easily than that in the terminal lysine. 
» • 
In doubly charge state, the relative abundances c/z'- ions are higher in RRRK and 
RRKR than that in KRRR and RKRR. The relative abundances of non-backbone 
cleavage fragments are low in RRRK and RRKR. The relative abundance of 
[M+(n-l)H]+ is low among these peptides. It indicates that arginine residues as the 
proton carriers affect the fragmentation. Arginine residue located adjacent to the 
N-terminal favors the backbone cleavage rather than the non-backbone cleavage. 
A similar exploring is taken among two-lysine containing peptides. The typical 
ECD spectra are presented in Appendix II and the relative abundances of the fragments 
have been summarized in Table 3.6. The relative abundance of c/z* ions is high in the 
RKKR in doubly charge state. It might be the result of lysine residues been protonated 
and evolved in the ECD process. 
Figure 3.3 and Figure 3.4 have presented the relative percentage of each N-Ca 
b o n d c l e a v a g e f r a g m e n t i o n s a m o n g a l l t h e c / z * i o n s o f o n e - l y s i n e c o n t a i n i n g p e p t i d e s 
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in triply charge state and of two-lysine containing peptides in doubly charge state. From 
the figures, it has been found that the cleavage preference is affected by the position of 
basic amino acid residues. The relative percentage of the N-Ca bond in Lys^-Ala of 
RRK'R is twice as that in Arg^-Ala of RRR^K in triply charge state. The site occupying 
highest relative percentage of N-Ca bond is also changed among these peptides, as the 
strong preference in Lys^-Ala of RKK^R but Ala-Arg' ofKR^RK observed in Figure 3.4. 
The proton location might lead to the cleavage preference difference. Interestingly, C4 is 
observed in triply charge state of KRRR as plotted in Figure 3.3. Moreover, Z4* of 
RRRK is generated in triply charge state. These observations suggest that proton affinity 
value of single amino acid residue is not enough for the prediction of proton location as 
proton can locate in lysine. Identifying the proton location from the cleavage preference 
is also difficult. The cleavage preference will be further investigated in the next chapter 
in the investigation of the "non-selective" behavior of ECD. 
• 
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The ECD fragmentation of the model peptides under different charge states has 
been evaluated. The fragments generated from ECD include the non-backbone cleavage 
fragments, c/z*- ions from N-Ca bond cleavage and b/y- ions from amide bond cleavage. 
The non-backbone cleavage fragments cover the even-electron charge-reduced 
precursor ion, the acetylated N-terminal and side-chains losses from charge reduced 
precursor ion. The effect of the charge state, the proton carriers and the proton carrier 
location have been evaluated by quantitative measurements of fragments. 
The backbone cleavage fragments occupy a high abundance than the 
non-backbone cleavage fragments in the high charge state. In arginine-rich peptides, the 
backbone cleavage fragments are mainly coming from N-Ca bond cleavages. In 
lysine-rich peptides, the amide bond cleavage fragments are popular in high charge state. 
For the non-backbone cleavage fragments, hydrogen atom losses from the charge 
reduced precursor ion are more favorable than the losses of acetylated N-terminal or 
side-chains in high charge state. The possibility of backbone cleavage fragments being 
charged and detected is increased with the charge state increased. As described in the 
Cornell mechanism, the cleavage of N-Ca bond is the result of hydrogen atom attack the 
carbonyl oxygen. More unfolded structure in high charge state as the result of columbic 
repulsion might promote the hydrogen atom attack to generate c/z*- ions. The energy for 
proton mobilization in high charge state is less than that in low charge state. As the 
mobile proton mechanism used to describe the amide bond cleavage under ECD, the 
low energy might enhance amide bond cleavage in high charge state. • 
Lysine and arginine residues as two different proton carriers show differences in 
preferential dissociation pathways. In low charge state, c/z*- ions and the even-electron 
charge-reduced precursor ion are favorable in lysine-rich peptides; whereas side-chains 
and acetylated N-terminal losses from charge reduced precursor ion in arginine-rich 
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peptides. These observations suggest that arginine radical is a poor hydrogen atom 
donor. In an arginine radical, the energy need for hydrogen atom losses from charge 
reduced precursor ions is higher than the guanidine group losses. In high charge state，it 
has been found that the amide bond cleavage is more favorable in lysine-rich peptides 
than in arginine-rich peptides. These observations are believed as the result that lysine 
residue owns higher recombination energy but lower proton mobilization energy than 
arginine residue. 
By changing the locations of basic amino acid residues, it has been found that the 
dissociation pathway as well as the preferential cleavage position is affected. The PA 
value of single amino acid residue is not enough for the protonated site identification. 
The ambiguous cleavage preference provides limited information for proton location 
identification. The cleavage preference under ECD will be further explored in the next 
chapter. 
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CHAPTER 4 EFFECT OF PRECURSOR 
ION HETEROGENEITY ON ECD 
FRAGMENTATION 
4.1 Introduction 
Tandem mass spectrometry (MS") as an advanced mass spectrometry is widely 
applied in the identification of the biological molecule primary structure. Recently, with 
the importance of cell-penetrating and cell-targeting peptides in drug deliveryi23-i26 
being realized, the research on these peptides has become a popular topic. These 
peptides always contain series of basic amino acid residues. It has been found that 
• • * 125 127 1 o Q 
arginine-rich ’ : peptides are more efficient in promoting cellular uptake than-other 
cationic homopolymers, such as poly-lysine and poly-histidine^^ .^ However, under CID, 
non-selective cleavages along the peptide backbone occur only when the number of 
ionizing protons exceeds the number of basic amino acid residues.'30 As described in 
the mobile proton mechanism^^ '^'^ "^^ ^^ , the cleavages occur under the migration of a 
mobile proton, which would be easily sequestered by the strong basic group. Differently, 
electron capture dissociation (ECD) provides high sequence coverage. It is believed that 
ECD induces minimal proton mobilization during the dissociation process. Among the 
model peptides investigated in last chapter, the effect of charge state of precursor ions 
on the sequence coverage under ECD is limited. High sequence coverage is always 
generated. 
Concerning the "non-selective" behavior under ECD, Zubarev et al. has suggested 
that hydrogen atom released as the result of electron capture becomes mobile within the 
polypeptide ions prior to cleavages for interpretation.^ ^ In the Utah-Washington 
62 
mechanism, the "non-selective" behavior under ECD is believed as the result that the 
distance of electron captured by the amide n* orbital is long enough (compared with the 
length of the hydrogen bonding formed). The cross sections for hydrogen atom been 
captured by gas-phase polypeptide are small, as the absence of addition or dissociation 
reactions taken place in the situation that peptide ions are exposed to H atoms in an ICR 
c e l l . � What we interest here is to investigate the effect of the precursor ion 
heterogeneity (PIH) on the non-selective dissociation under ECD. 
The charge state of precursor ions is selected to alter PIH. In last chapter, it has 
been found that among the peptides investigated the charge state of precursor ions can 
widen the range of backbone cleavage fragments with limited contribution on sequence 
coverage. The fragments coming from ECD retain the information of the protonated 
position because precursor ions are activated and dissociated in a time frame too short to 
invoke the randomization of the deposited energy (or to cause changes in the precursor 
ion conformation). Theoretically，there are some different arrangements for protons 
among the basic amino acid residues especially in low charge states. Charge distribution 
heterogeneity (CDH) is introduced to describe the arrangements. In the ECD process, 
electron captured by which, the proton as proposed in the Cornell mechanism or the 
amide tt* orbital in the Utah-Washington mechanism, determines the neutralization site 
heterogeneity (NSH). Herein, NSH is established based on the model that proton 
captures electron to form a hydrogen atom. The hydrogen atom is held by hydrogen 
bonding instead of random-walking along the backbone. Exploring the relationship ‘ 
between PIH and the selectivity of backbone dissociation is trying to shed some light on 
the ECD process. 
4.2 Method 
63 
4.2.1 Preferential dissociation index 
Introducing PDI aims to reflect the selectivity of backbone dissociation. The c/z'-
ions including side-chains losses from z'- ions are selected to describe PDI. The b/y-
ions as the atypical fragments under ECD are proton driven results. The generation of 
b/y- ions might follow mobile proton mechanism'^ '^ '^ ^^ Hence, the b/y- ions are 
excluded. Non-backbone cleavage fragments are eliminated for limited information 
concerning backbone cleavage. The standard deviation is always used to describe the 
dispersion in statistics. PDI is the standard deviation of the relative percentages (P, %, 
Equation 4.1) of each N-Ca bond cleavage as shown in Equation 4.2 
p. = J'' x100% (4.1) 
/=i 
h p ^ - p f 
PDI = S m E y ( P � ) = t = i 12 — 1 _ (4.2) 
A hypothetic model peptide with thirteen amino acid residues is used to test the 
PDI on the dissociation preference. Two aspects, the sequence coverage and differences 
between each N-Ca bond cleavage, are explored. For sequence coverage, an assumption, 
which the relative percentage of each cleaved N-Ca bond is identical, is made first. 
Appendix III Table 1 shows PDI of the hypothetic model peptide with sequence 
coverage decreasing. For the further step, the sequence coverage is ..fixed and the 
relative percentage of one N-Ca bond is increased from identical to double (whilst the 
relative percentage of one N-Ca bond is decreased). The number of the N-Ca bonds 
involved in the increase has also been changed. The value of PDI has been listed-in 
Appendix III Table 2. 
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4.2.2 Precursor ion heterogeneity 
To get the theoretical PIH, charge distribution heterogeneity (CDH) and 
neutralization site heterogeneity (NSH) are introduced to describe the protonated and 
neutralized process. Considering the charge carriers in this system are protons，as 
located at the basic amino acid residues, proton affinity (PA) is believed to affect CDH. 
PA also affects NSH for the importance of PA in the recombination energy. Arginine and 
lysine are two basic amino acid residues with different PA values, which are 1049 
kJ/mol and 955 kJ/mol respectively.^ ^^ Proton has the possibility to be arranged in the 
less basic amino acid residue as observed before. For this situation, the "extra-lysine" is 
used to describe the surplus lysine residue(s) compared with the number of protons. The 
possibility of "extra-lysine" being protonated (a) is used to obtain CDH and the 
possibility of lysine being "first" neutralized (b) is used in NSH calculation. Table 4.1 
shows CDH and NSH of the sequences investigated in different charge states. The range 
of a as well as b is the same, which is from 0 to 1. In the protonated process, a=0-stands 
for the "extra-lysine" will not be protonated and a=l stands for the "extra-lysine" will 
have the same possibility to be protonated as arginine residue. In the neutralization 
process, b=l stands for the proton in lysine residue will be the only option to be 
neutralized and b=0 stands for the proton in lysine residue will own the same possibility 
to be neutralized as that in arginine residue. Each item in CDH as well as NSH reflects 
the different number of arginine and lysine being protonated. 
These two heterogeneities are generated in two separate processes. It indicates 
that the value of PIH should be the products of CDH and NSH. Neutralization position 
is affected by the protonated site. The computational heterogeneity is based on one 
assumption first: the one type of amino acid residues have the coincident proton affinity 
as well as the recombination energy. PIH should be the sum of the different protonated 
situations as shown in Table 4.1. 
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Table 4. 1 The sum
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hich a is the possibility of ‘‘extra-lysine’
，
being protonated and b is the possibility of the proton in lysine being first neutralized. 
. 
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4.3 Results and discussion 
4.3.1 PDI in model peptides 
Figure 4.1 describes the trend of PDI versus the increase of the number of N-Ca 
bonds without cleavage in the hypothetic peptide. The PDI increases with the sequence 
coverage decreases. The high sequence coverage always stands for the low selectivity of 
the dissociation. The high standard deviation indicates the data is spread out over a large 
range of values. The PDI based on the stand deviation can represent the selectivity from 
the sequence coverage aspect. 
As shows in Figure 4.2, PDI increases with increasing the relative percentage of 
one N-Ca bond. Moreover, PDI also increases with the number of the cleaved N-Ca 
bond been increased the relative percentage. The small difference of the relative 
percentages between each N-Ca bond stands for the lower selectivity. It suggests that 
PDI can be used to describe the selectivity. . 
The application of PDI to describe the selectivity has its limitation. That is PDI 
can not be used for the compare among the peptides of different length (number of 
amino acid residues). Figure 4.3 shows PDI among the peptides with only one N-Ca 
bond cleaved. PDI decreases with the increase of the sequence length. The selectivity of 
only one N-Ca bond cleaved in the long sequence is more serious than in short sequence. 
Fortunately, the peptides investigated here have the same length and PDI established 
can be used to describe the dissociation selectivity under ECD. In Table 4.2, it has 
summarized the PDI of the peptides investigated in last chapter in different charge 
states. . 
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Table 4. 2 The summarization of PDI in the peptides under different charge states 
No. of Arg and Lys Sequence 2+ 3+ 4+ 
4Ai i RRRR 4.9 ±0.2 5.1 士 0.1 5.9 ±0.6 
KMR 4.9 5.5 6.5 
RKRR 5.2 4.2 4.4 
3 Arg & 1 Lys 
RRKR 5.3 5.8 4.4 
RRRK 5.2 3.6 6.4 
KKRR 4.5 5.6 8.4 
KRKR 5.5 6.0 6.1 
KRRK 5.4 4.1 6.9 
2 Arg & 2 Lys 
RKKR 4.6 5.5 7.3 
RKRK 4.0 3.8 5.1 
RRKK 2.6 3.0 6.2 
i Arg&3Lys KKKR 6.0 5.Y 4.3 
4Lys k k k k 4.8± O.T 4.5± T.O 14.2+ 2.0 • _ … 
a Errors are the standard deviation calculated from the mean of three replicate experiments. 
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4.3.2 PIH and PDI in RRRR and KKKK 
The peptides with one type of basic amino acid residues are explored first. Table 
4.3 shows CDH, NSH and PIH of these two peptides RRRR and KKKK in different 
charge states. The CDH of these two peptides are 6, 4 and 1 for doubly, triply and 
quadruply charge states. Considering the number of neutralization sites is proposed to 
be proportional to that of protonated site, NSH for doubly, triply and quadruply charge 
states are 2，3 and 4. PIH are the products of CDH and NSH directly as only one type of 
basic amino acid residues used. PIH presents a trend which keeps level when the charge 
state increases from 2+ to 3+ but decreases sharply as the charge state up to 4+. Figure 
4.4(a) shows the trend of PDI with the charge state increases for RRRR, which increases 
dramatically when charge state up to 4+ but small variation from 2+ to 3+. The trend for 
KKKK as described in Figure 4.4 (b) is similar as that for RRRR. 
Combining the PDI and PIH of the same peptide in different charge states, it has 
been found that negative linear relationship between PIH and PDI exists in RRRR and 
KKKK as described in Figure 4.5. PDI describes the selectivity of the backbone 
dissociation. The high PDI stands for a low selectivity of the dissociation. As reported 
that the low heterogeneity would generate a high selectivity of the dissociation^ ^ ^ the 
relationship between PIH and PDI should be the low PIH generates a high PDI. It 
coincides with the relationship presented in Figure 4.5. 
The relationship between PIH and PDI indicates that PIH affects the selectivity 
during the dissociation process under ECD. The theoretical PIH is established based on 
the model without hydrogen atom random-walking along the backbone. It suggests that 
non-selectivity behavior under ECD can be the result of the heterogeneity of precursor 
ions. Though the length of hydrogen bonding is limited, the hydrogen atom which is 
held by the hydrogen bonding can still induce the high sequence coverage under ECD 
because of the heterogeneity of precursor ions. 
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Table 4. 3 The PIH of the peptides RRRR and KKKK in different charge states 
AC-RAAARAAARAAAR-NH2 A C - K A A A K A A A K A A A K - N H 2 ~ 
[M+2H]2+ [M+3H]3+ [M+4H]4+ [M+2H]2+ [M+4H]4+ 
CDH 6 4 1 6 4 1 
NSH 2 3 4 2 3 4 
PIH 12 12 4 12 12 4 
7.0-, ； — = = = — ] 
a) [9.....(^ yiife^ ionsl b) L.®...onty thcc/gions| 
16-
6.5- Ad-RAAARAAARAAAR-MIj AC-ICAAAKAAAKAAAK-NH2 
9 
do- O 12-
Q M � g 
&5-
8 -
&0- I 态 
^ . - i 
45 J 1 1 ‘ 1 ^ 1 ‘ 1 1 
2+ ^ ^ . 4+ 2+ 3+ 4+ Qiarge state of precursor ion Charge state of precursor ion 
Figure 4. 4 The PDI against the charge states of peptides: (a) RRRR and (b) KKKK 
18 r — — — n 
O RRRR 
16 T X KKKK 
Linear (KKKK) 
14 太 、 Linear (RRRR)I 
� � K K K K : y = -1.1863X + 18.895 R^ = 0.9989 
HH 12 \ J I R R R : y = -0.1125x + 6.35 R2 = 0.9643 
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� 
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Figure 4. 5 The PDI against the PIH of peptides: (a) RRRR and (b) KKKK 
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4.3.3 PDI and PIH in two-lysine containing peptides 
The PDI of two-lysine containing peptides against the charge state increased are 
presented in Figure 4.6. These three peptides, KKRR, RKKR and RRKK, show an 
identical trend of PDI against the charge state increases. PDI increases with the charge 
state increasing especially from 3+ to 4+. The PDI of the peptide, KRKR, also increases 
with the charge state increasing but the extent of increase is serious from 2+ to 3+. The 
PDI of two other peptides, KRRK and RKRK, decreases with the charge state 
increasing from 2+ to 3+ first while increases as the charge state increasing from 3+ to 
4+. The PIH values in different charge states have obtained by scanning the possibility 
of "extra-lysine" being protonated and the possibility of protonated lysine being first 
neutralized. Table 4.5, 4.6 and 4.7 show the PIH results. 
The amino acid residue with a high proton affinity will have high possibility to be 
protonated. The protonated position, which will liberate higher recombination energy in 
the process of electron capture, is believed has the high possibility to be neutralized. 
Considering the thermodynamic cycle in ECD process, the proton in the site, which is 
easily to get the proton, will has low possibility to be neutralized. It suggests that the 
value of a and b can not be high or low at the same time. Without a clear idea of the 
difference of a or b under different charge states of precursor ion, the same a or b in 
different charge states is applied first to simplify the theoretical model. The linear 
relationship between PIH and PDI is trying to find among the peptides. 
Figure 4.7 shows the correlations of PIH and PDI for the peptides KKRR, RKKR, 
RRKK and KRKR, where a equals to 0.9 and b equals to 0.3. In the situation that a 
equals to 0.5 and b equals to 0.5，KRRK, RKRK and KRKR, the relationships have 
been observed where as Figure 4.8 described. Except KRKR, the linear correlations can 
be found between PDI and PIH in the peptides in the proper a and b value. From the 
proper values for a and b, it seems that the possibility of lysine being protonated is 
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enhanced and the possibility of protonated lysine being neutralized is weakened when 
an adjacent lysine existed. Considering the importance of PA value in the protonated 
process, one possible interperation for these observations is made first. That is the 
proton affinity of lysine residue with an adjacent lysine residue is enhanced obviously 
compared with that of lysine residue. 
It is proposed that two adjacent lysine residues would form hydrogen bonding 
which will enhance the PA of lysine residue. Usually, the solvation effect plays an 
important role in increasing the PA of the corresponding functionalities^^ '^'^ .^ It is noted 
139 
that the formation of the internal hydrogen bonding is a dominant influence on PA . 
The importance of the internal hydrogen bonding has been illustrated by using 
a,co-alkyldiamines before '^*^ It is hard to generate the PA of the basic amino acid 
residues in the peptide structure. PA of the truncated models as shown in Figure 4.8 is 
calculated. Optimized geometries are obtained at MP2(FULL)/6-31G(d) level and 
energy is obtained from MP2.i40 The PA of the applied models for single lysine and 
arginine residue are 949.7 kJ/mol and 1039.4 kJ/mol respectively. The PA of lysine and 
arginine residue with another lysine residue is increased by 100.2 kJ/mol and 52.5 
kJ/mol. PA of single lysine residue is enhanced dramatically with the formation of 
hydrogen bonding with the other lysine residue, which falls between single arginine 
residue and arginine residue with a lysine residue. This calculation provides possible 
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a RKKR 
^ ^ • KKRR 
8 - ^ ^ • RRKK 
^ ^ ^ X KRKR 
. , ^ ^ ^ Linear (RKKR) 
7 - ��� ^ ^ Linear (RRKK) 
� * � * � ^ ^ ^ — - Linear (KRKR) 
• ^ ^ Linear (KKRR) 
6 - 天 、 ^ 
hH � * -- - - - -
S � 
5 �� \ 
� 
4 RKKR y = -0.3703X + 8.6386 R^ = 0.8998 ��� 
� 
KKRR y = -0.5509X + 10.39 R^ = 0.9311 � � . 
3 RRKK: y = -0.558x + 8.211 r2 = 0.9919 4 
KRKR y = -0.0582X + 6.3127 R^ = 0.4063 • 
2 ^ 1 1 1 I I I I •• -1 
2 3 4 5 6 PIH 7 8 9 10 11 
Figure 4. 7 PDI against PIH of the peptides RKKR, KKRR, RRKK and KRKR where a 
equals to 0.9 and b equals to 0.3 
8 p = = = = = = = = = 
• KRRK 
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7 — /K KRKR 
•.'••...�• ——Linear (RKRK) 
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�� • • 
4 - RKRKy = -0.4023x +6.3082 r2 = 0.973 � � � - � � • 
KRRKy = -0.7654X + 9.2703 R^  = 0.9566 � � � � J l 
KRRK y = -0.0692X + 6.2128 R^  = 0.1507 
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PIH 
Figure 4. 8 PDI against PIH of the peptides KRRK and RKRK where a equals to 0.5 
and b equals to 0.5 
78 
a) ^ 
^ W PA = 949.7 KJ/mol ^ £ 
b) 
( | l ^ PA = 1039.4 KJ/mol 了 
c) 
^^^^ J 
^^^ •多1.6 漆; 
^ PA= 1049.9 KJ/mol 
d) 
J 2 . 8 8 A ^ ’ 
鈔 r W 』 
1.82A 
PA= 1091.9 KJ/mol 
Figure 4. 9 PA of the truncated models: a) lysine; b) arginine; c) lysine-lysine; d) 
lysine-arginine 
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4.3.4 PDI and PIH in other peptides 
The PIH and PDI in other peptides have also been explored. The PIH for 
one-lysine and three-lysine containing peptides have been listed in Appendix IV. Figure 
4.10 shows the PDI of peptides against the charge state increased. With the charge state 
increased, these one-lysine containing peptides show different trend with each other. No 
unified model could be put forward to explain the present findings. It can not find 
proper a and b for PIH to evaluate the correlations between PIH and PDI in one-lysine 
containing peptides (i.e. RKRR, RRKR and RRRK) and three-lysine containing peptide 
(i.e. KKKR). 
The PIH established is based on the assumption that conformation heterogeneity 
is determined by the CDH. The effect of conformation heterogeneity on the dissociation 
selectivity is NSH. The conformation information, which includes the hydrogen 
bonding formed between carbonyl oxygen and the proton, will directly affect the 
fragmentation and the result of preferential dissociation as well as the selectivity. It is 
hard to describe the conformation of the precursor ions in the cell only relied on the 
charge state for the investigation. The PDI is extracted from the spectrum as the 
experimental result. It affects by the experimental parameters. It is hard to control single 
factor-precursor ion heterogeneity effect on the ECD process. The complexity from 
these two aspects limits the exploring. 
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Figure 4. 10 The PDI against the charge states of the precursor ion of (a) KRRR; b) ， 
RKRR; c) RRKR; d) RRRK and e) KKKR. 
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4.4 Conclusions 
Based on the ECD spectra obtained, a preferential dissociation index (PDI) has 
been established. From the evaluation in the hypothetic peptide, it has been found that 
PDI can quantify the dissociation selectivity in ECD process. Theoretical precursor ion 
heterogeneity (PIH) has been computed using a simple model to explain the selectivity 
behavior under different charge states. The model does not involve a random-walking 
hydrogen atom along the backbone though the generation of hydrogen atom. It 
comprises two terms, charge distribution heterogeneity (CDH) and neutralization site 
heterogeneity (NSH). Reasonably good correlations between PIH and PDI could be 
established for peptides containing only one type of basic amino acid residues, i.e. 
RRRR & KKKK. PDI decreases with increasing PIH. Our findings suggest that 
extensive backbone cleavages in ECD of peptide ions could be explained on the basis of 
proton neutralization without invoking the random-walk of liberated hydrogen atom. 
For peptides with more than one type of basic amino acid residues, PIH is a 
matrix of numbers affected by the possibility of lysine residue(s) being protonated and 
the protonated arginine residue(s) being neutralized. By suitably selecting the 
coefficients, positive correlations between PDI and PIH could be obtained in many 
cases. No unified model could be put forward to explain the present findings. It has 
been found that the possibility of lysine being protonated is enhanced and the possibility ’ 
of protonated lysine being neutralized is weakened when an adjacent lysine existed for 
the two-lysine containing peptides. Since the importance of PA in the protonated process 
and recombination energy in the neutralization process, the proton affinity of lysine 
residue might be enhanced with an adjacent lysine residue. It could be the result of 
hydrogen bonding formation. In the simplified model used for the theoretical 
calculation, the proton affinity of lysine residue where an adjacent lysine residue existed 
is enhanced as expected. 
8 2 
CHAPTER 5 CONCLUSIONS 
The ECD fragmentation of the model peptides, with the general structure of 
AC-XAAAXAAAXAAAX-NH2, under different charge states was evaluated. By 
quantitative measurement of fragmentation, the effects of the charge state，the proton 
carriers and the proton carrier location on the dissociation channels including 
non-backbone cleavage, the N-Ca backbone cleavage and the amide bond cleavage were 
discussed. In low charge state, losses of side-chains and acetylated N-terminal from the 
charge-reduced precursor ion were the predominant dissociation pathways for 
arginine-rich peptides; whereas hydrogen atom losses from the charge-reduced 
’ precursor ion were more popular in lysine-rich peptides. Increasing charge state of 
precursor ions enhances the N-Ca backbone cleavage in arginine-rich peptides and the 
amide bond cleavage in lysine-rich peptides. It was also found that the cleavage 
preference was affected by the proton location. Increasing the charge state of precursor 
ion could improve the possibility of the backbone cleavage fragments being charged and 
detected. It was believed that the more unfolded structure of precursor ions in high 
charge state might contribute to these observations. The difference of the recombination 
energy and the proton mobilization energy between arginine and lysine residues might 
account for the differences observed in arginine-rich peptides and lysine-rich peptides. ’ 
In this work, a preferential dissociation index (PDI) to describe the selectivity of 
backbone cleavage was established. The theoretical precursor ion heterogeneity (PIH), 
which was composed of charge distribution heterogeneity (CDH) and neutralization site 
heterogeneity (NSH), was computed. Good correlations were established between PIH 
and PDI in the peptides with only one type of basic amino acid residues, i.e. RRRR & 
KKKK. PDI decreased with increasing PIH. These correlations could be used to explain 
the non-selectivity behavior under ECD without hydrogen atom random-walking 
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involved. Positive correlations between PDI and PIH could be obtained in many cases 
by suitably selecting the coefficient of protonation for lysine residue(s) and coefficient 
of neutralization for protonated arginine residue(s). In exploring the correlations in 
two-lysine containing peptides, the results suggested that the possibility of lysine being 
protonated is enhanced and the possibility of protonated lysine being neutralized is 
weakened when an adjacent lysine exists. The proton affinity of lysine residue might be 
enhanced with an adjacent lysine residue. Hydrogen bonding formed between two 
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Appendix I: Pulse program for simple MS and MS/MS 
experiment 
(A) Simple ESI FT-ICR MS experiment 
；APEX III Simple ESI Experiment 
；Experiment description 




;#ES_conditional_pp DM bb 1 u setnmr3|30 ； bit 30 hi = unmixed signal to ADC 
;#ES_conditional_pp DM hires lu setnmr3'^30 ； bit 30 low = mixed signal to ADC . 
;#ES_conditionalj3p RGAIN high 1 u setnmr3^28 ； bit 28 low = Receiver gain high 
;#ES_conditional_pp RGAIN low lu setnmr3|28 ； bit 28 hi = Receiver gain low 
；Start Scan Accum Block (NS loop) 
;#ES—block "Start Experiment" 
;#ES_bitmap "start2.bmp" . 
;#ES_eventtype user—delay 
;#ES_parameter dO 
1 ze ； clear memory buffers in RCU 
10 dO setnmr4|7 ； turn on Ultra RF amp (AGPP—OUT[0]) 
；NOTE: do must be 100ms or greater! 
1 Ou reset:fl ； reset phase of DDS in FCU 1 
；Cell Quench Block 
;#ES_block "Cell Quench" optional on 
;#ES一bitmap "quench.bmp" 
;#ES_eventtype quench 
;#ES_parameter d4 d27 




；Source Quench Block 




d3 setnmr3|24 ； quench the ion guide (DEFLECTION) 
lu setnmr3A24 
；Hexapole Accumulation Block 




20 dl ； post quench delay 
；Ionization Block 
;#ES_block "Ion Generation" 
;#ES—bitmap "ion_gen2.bmp" 
;#ES—eventtype user_pulse . 
;#ES_parameter d2 
d2 setnmr3|24 ； external ionization pulse (DEFLECTION) 
lu setnmr3 八 24 
；Ion Accumulation Block 
;#ES_block "Ion Accumulation" optional off 
;#ES一bitmap "ion_accum.bmp" 
;#ES_eventtype userjpulse , 
;#ES_parameter d6 130 
lo to 20 times 130 ； collect L[30] hexapole fillings 
cI6 
； EXCITATION AND DETECTION 
；Excitation Block 
;#ES_block "Excitation" 
. b i t m a p "excite.bmp" 
93 
;#ES_eventtype excitation_sweep 
;#ES_parameter p3 pl3 
1 Ou pl3 :f 1 ； set attenuation for excitation (FCU-1) 
;#ES_conditional_pp EM shot (p3 phi fql):fl ； detection excitation shot 
;#ES_conditional_pp EM shot ;#FC— fql :fl excitation—shot 
;#ES_conditional_pp EM sweep 60 (p3 phi fql):fl ； detection excitation sweep 
;#ES_conditional_pp EM sweep lo to 60 times 131; L[31] steps in sweep 






1 u setnmr4^7 ； turn off Ultra RF amp before detect (AGPP_OUT[0]) 
d30 ； receiver dead time 
go = 10 phi ； scan accumulation (loop to 10 times NS) 
；Stop Block . 
;#ES_block "Exit" 
;#ES_bitmap "exit.bmp" 
wr #0 ； write data to disk 
exit ； end of acquisition/experiment 
；Phase program definitions for FCUs . 
ph 1=0 0 2 2 ； phase program: 0 0 180 180 (exc/det RF) 
ph2=0 0 0 0 ； phase program: 0 0 0 0 (all other RF) , 
9 4 
(B) ESI-ECD FT-ICR MS experiment 
；APEX III Dynamic Trapping ESI-ECD Experiment 
；Experiment description 




;#ES—conditional_pp DM bb lu setnmr3|30 ； bit 30 hi = unmixed signal to ADC 
;#ES_conclitional_pp DM hires 1 u setnmr3^30 ； bit 30 low = mixed signal to ADC 
;#ES_conditional_pp RGAIN high lu setnmr3^28 ； bit 28 low = Receiver gain high 
;#ES_conditional_pp RGAIN low lusetnmr3|28 ； bit 28 hi = Receiver gain low 
；Start Scan Accum Block (NS loop) 




1 ze ； clear memory buffers in RCU 
10 dO setnmr4|7 ； turn on Ultra RF amp (AGPP_OUT[0]) 
；NOTE: do must be 100ms or greater! 
1 Ou resetifl ； reset phase of DDS in FCU 1 
；Cell Quench Block 
;#ES—block "Cell Quench" optional on 
;#ES—bitmap "quench.bmp" 
;#ES_eventtype quench 
;#ES_parameter d4 d27 
d4 setnmr3|27 ； cell quench (QUENCH) 
lu setnmr3 八 27 
d27 
；Source Quench Block 
95 




d3 setnmr3|24 ； quench the ion guide (DEFLECTION) 
lu setnmr3^24 
；Hexapole Accumulation Block 




20 dl ； post quench delay 
；Ionization Block 




d2 setnmr3|24 ； external ionization pulse (DEFLECTION) 
lu setnmr3 八 24 
； STAGE 1 OF EXPERIMENT 
；MS/MS Selection Block 
;#ES—block "Isolation (MS-2)" optional off 
;#ES_bitmap "msms_sel_a.bmp" , 
;#ES—eventtype corr_sweep 
;#ES_parameter p4 pl4 
lOu pl4:fl ； set attenuation for correlated sweep (FCU-1) 
30 (p4 ph2 fql):fl ； correlated sweep 
lo to 30 times 10 ； L[0] steps in sweep 
;#ES—flag—comment ;#FC_ fql:fl corr—sweep 0 ‘ 
；Cleanup Shots Block 




;#ES_parameter p7 pl7 
lOu pl7:fl ； set attenuation for shots (FCU-1) 
40 (p7 ph2 fql):fl ； high resolution clean-up shots 
lo to 40 times 13 ； L[3] total shots 
;#ES_flag_comment ;#FC_ fql:fl coiT_shot 0 
；ECD Block 




d7 setnmr3|26 ； ECD pulse (INT_GATE) 
lOu setnmr3 八 26 
； EXCITATION AND DETECTION 
；Excitation Block 
;#ES_block "Excitation" 
;#ES一bitmap "excite.bmp" • 
;#ES_eventtype excitation—sweep 
;#ES_parameter p3 pl3 
1 Ou pl3 :f 1 ； set attenuation for excitation (FCU-1) 
;#ES_conditional_pp EM shot (p3 phi fql):fl ； detection excitation shot 
;#ES_conditional_pp EM shot ;#FC_ fq 1 :fl excitation—shot 
;#ES_conditional_pp EM sweep 60 (p3 phi fql):fl ； detection excitation sweep ， 
;#ES_conditional_pp EM sweep lo to 60 times 131; L[31] steps in sweep 






1 u setnmr4^7 ； turn off Ultra RF amp before detect (AGPP—OUT[0]) 
d30 ； receiver dead time 





wr #0 ； write data to disk 
exit ； end of acquisition/experiment 
；Phase program definitions for FCUs 
phl=0 0 2 2 ； phase program: 0 0 180 180 (exc/det RF) 
ph2=0 0 0 0 ； phase program: 0 0 0 0 (all other RF) 
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Appendix II: ECD spectra of 
AC-XAAAXAAAXAAAX-NH2 peptide series in 
different charge states 
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Figure 8 Typical ECD mass spectra of KRRK in different charge states: (a) 2+, (b) 3+ 
.and (c) 4+. 
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Figure 8 Typical ECD mass spectra of KRRK in different charge states: (a) 2+, (b) 3+ 
.and (c) 4+. 
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Figure 8 Typical ECD mass spectra of KRRK in different charge states: (a) 2+, (b) 3+ 
.and (c) 4+. 
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Figure 8 Typical ECD mass spectra of KRRK in different charge states: (a) 2+, (b) 3+ 
.and (c) 4+. 
103 
a.丨.1 V & n r 
]a) Z. 
R - - A - - A - - A - - R - - A - - A — A — R — A — A - - A — K 
2 . 0 e + 0 6 
1 z/' �M+2H-NH2COCHJ 
[ M + Z H - N H j C O C H j - H j O ] ' 
1 . 0 0 + 0 6 [ M + 2 H - 叫 C O C H ， - C ‘ H N , ! . : [ M + 2 H - C H 凡 1. 
： I z ’ , . ： “ ； ： 
"j i c , C.' z ., ； y I M + 2 H - N H , ] -
0 oe+00 
6 0 0 8 0 0 1 0 0 0 1 2 0 0 m / z 
r r y z. 
H - A - A - A - R - A - A - A - - R - A - A - A - K 
J J J J J d • 
b) [4VI+3H-C,H,N-NH,]" 
. J f S X ^ • (M+3H-NHiC0CH,-H,0]" 
® - 【M+3H] , : . • [ M + 3 H - N H , C O C H , r 
1 [M+3H-C,H„N.]". . . . . [M+3H-CH,NJ" 
, ^ � M + 3 H - C ‘ H , N - N H 3广： • •• � M + 3 H - N , H � ] : 
3-5e+06H . . . . : . . . • .(M+3H-NH,]" 
c : : : : : y ： ： ； [ M + 2 H r 
3.0e+06..; • ； • ； ：： -
3 f°‘： • ^ • ：： ； 2.56 + 06-' y.'-NHj '1 • • ^ y • • C,' 
b.： ••1-2 ； Y I 1 IT r 
Z.Oe + OO 5HO «<»<» 0^0 •�‘�(» m / X 
'c„" y,/.. ‘ [M+3H-NH,COCH,-C,H,N, l " b’广 
r " [M+3H-NH,COCH,-C,H,N] " 
1.5e+06-l .2„ ' -C,H,N, 
c / c , , . , . . 
• c," ： • ： • ： •Zi.'-N.H, 
= … J ： 2- • ： • ： .•.2,/-NH,Z„-.H,0 
5.08+05- c . c , ， 2； ^ : Y .'： [M+3H-NH:.C0CH,-C‘H,N,广 
300 500 700 1100 m//. 
• 」 1*17父 
[ M + 4 H 广 . 
： c) R- -A-J-A —A - -R — A —A —A —R —A - -A —K 
• Q >— —J —J 一 — ' — ' * — 
2 . 0 e + 0 6 - b . 」 .」 
j [M+4H-NH,-C,NHJ' 
\ '： z , - C , N H , 。 
1 . 6 e + 0 6 ：： , 
；： I M + 3 H ] " 
• • 
1 . 2 e + 0 6 c / i ： • 
- • • • 
• . • 
.一 • • • • • • 
8.06+05 -j '；：：： ； f ' ^ [M"H-C凡N-C佩广 
- •: c/- ： ^ ： I ： ： ： z; .C,NH.： ••[A/l+4H-NH,C0CH,-C,NH,r, 
I • ' “ • • - C j H a N j 
- t c ； z； ^ W y z; y c,, Ty [ z,�..-c，H凡 
O . O e + 0 5 Y " ' [ ' . ‘ • . 丄 卞 l l . i i L . I . T i 丄 . J , | I l . l i ( . ’ j l . l " | l . I . . ' ' . • , J • ^ 
5 0 0 TOO m / z 
Figure 8 Typical ECD mass spectra of K R R K in different charge states: (a) 2+, (b) 3+ 
.and (c) 4+. 
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and (c) 4+. 
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I of the hypothetic peptide by increasing the relative percentage of the N
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